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Abstract
Phytoplankton play a unique role in the marine ecosystem as the basis of the marine food-web. They
are the main drivers of the biogeochemical cycles in the ocean, as well as influencing the ocean-
atmosphere exchanges of carbon dioxide and particular gases and particles. Based on these exchanges,
phytoplankton influence the chemistry of atmosphere and the balance of global climate. Moreover,
through interaction with light (absorption and scattering), phytoplankton have significant a impact on
the underwater optics, being also responsible for the variations in ocean color. However, performing
all these roles depends significantly on the type of phytoplankton, as indeed they comprise of a wide
range of species and groups, with different capabilities and different distribution patterns in the World
Ocean. Therefore, distinguishing between different types of phytoplankton is important to improve
the knowledge of their actual roles in the ocean and climate system. As the spectral patterns of light
absorption (essential for photosynthesis) vary among different groups of phytoplankton, the backscat-
ter light from ocean preserves the spectral fingerprints of the inhabitant groups of phytoplankton. This
feature can be used to determine remotely different types of phytoplankton.
The purpose of this PhD-work was to improve a phytoplankton retrieval method, which was es-
tablished to distinguish quantitatively major phytoplankton groups based on their absorption charac-
teristics. The method, called PhytoDOAS, uses high spectrally resolved satellite data, provided by
SCIAMACHY sensor. So far, by applying PhytoDOAS method to SCIAMACHY data, two main phy-
toplankton groups, diatoms and cyanobacteria, have been successfully distinguished. Through this
work the method was improved to detect additionally coccolithophores, another important taxonomic
group with significant biogeochemical functions. In this improvement, instead of the usual approach
of the PhytoDOAS, which was based on single-target fitting, the simultaneous fitting of a certain set
of phytoplankton groups was implemented within a wider wavelength window, thereby the new ap-
proach is called multi-target fit. Selection of the set of phytoplankton targets was according to the
spectral analysis of absorption features of those groups that are most important with respect to the
principal biogeochemical impacts, based on which marine microalgae are grouped as phytoplankton
functional types, PFTs.
The improved method was successfully tested through detecting independently reported blooms
of coccolithophores, as well as by comparison of PhytoDOAS coccolithophores with global distribu-
tions of Particulate Inorganic Carbon (PIC), which is used as a proxy of coccolithophores. As the
next step of this PhD-work, the results of the improved PhytoDOAS method were used to investigate
temporal variations of coccolithophore blooms in selected regions. Eight years of SCIAMACHY data,
from 2003 to 2010, were processed by the PhytoDOAS triple-target mode to monitor the biomass of
coccolithophores in three oceanic regions, characterized by the frequent occurrence of large blooms.
Then the PhytoDOAS results, as monthly mean time-series, were compared to appropriate satellite
products, including the total phytoplankton biomass (total chl-a) from GlobColour data-set and the
PIC distribution from MODIS-Aqua.
To study the dynamics of coccolithophore blooms, the variations of coccolithophores, overall chl-a
and PIC, as monthly mean time series, were investigated in the context of variations in the main oceanic
geophysical parameters: sea-surface temperature (SST), mixed-layer depth (MLD) and surface wind
speed. As a general result, it was observed that the inter-annual variations of the coccolithophore
bloom cycles followed well the respective variations in the mentioned geophysical parameters, as
they have been reported being associated with coccolithophore blooms. Observed anomalies were
investigated based on the specific regional features of the geophysical conditions.
Using the results of regional time series, the hypothesis that close coccolithophore blooms suc-
ceed the diatom blooms was roughly approved, suggesting, however, a weekly-based averaging of
coccolithophores and diatoms for a more precise analysis. It has been frequently reported that high
reflectance from surface waters in coccolithophore rich areas affects the performance of standard chl-a
algorithms. The regional time series studies of this thesis indicated an underestimation of total chl-
a by the standard algorithm during the time of coccolithophore blooms. However, a comprehensive
validation of the ocean color algorithms with in-situ phytoplankton data is needed to reach the final
assessment of the short-comings.
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Chapter1
Introduction
1.1 Theimportanceofphytoplankton:abriefoverview
MarinephytoplanktonplayvariousimportantrolesnotonlyintheWorldOceanbutalsointhe
globalclimate.Asthemainoceanicprimaryproducers,phytoplanktonformthebasisoftheocean
foodwebandthereforearevitalforthemarineecosystems. Moreover,phytoplanktonhavema-
jorcontributiontotheglobalcarboncyclebyactingasabiologicalpump[RavenandFalkowski,
1999]oforganicmatertothedeepocean(seesec.2.3.1).Thereby,forinstance,phytoplankton
influencetherateofsea-airCO2exchange,phytoplanktonafecttheamountofcarbonintheatmo-
sphere.Moreprecisely,throughphotosynthesis,dissolvedcarbondioxideistakenupandreleased
asorganiccarbontooceanenvironment,whereitcandirectlysinkdownorindirectlytransported
throughothertrophiclevelstotheoceanfloor,orjustisrecycledintheupperocean(seeFig.1.1).
Phytoplanktonarewidelyinvolvedintheprocessesoftracegas-andparticleemissionsfromthe
marineenvironmentsintotheatmosphere,amongwhichthemostnotablesubstancesaredimethyl-
sulfide(DMS),volatilehalocarbonsandbiogenichydrocarbons(seesec.2.3.2and2.3.3).Par-
ticularly,duetotheDMSemission,phytoplanktoncontributestronglyintheglobalsulfurcycle
[Andreae,1990](seeFig.2.11inChapter2).Participatingintheglobalcarbonandsulfurcycles
connectsphytoplanktondirectlytotheglobalclimateandintroducesthemasabiogenicregulat-
ingfactor.Ontheotherhand,apartfromregulatingtheglobalclimate,ithasbeenrevealedthat
marinephytoplanktonarealsoverysensitivetoglobalwarming[Dufresnesetal.,2002;Sarmiento
etal.,2004],suggestingthestudyofdynamicsofphytoplanktongrowthasaproxyfortheactual
rateofclimatechange.Inthenextchapter,generalinformationisgivenonthecontributionof
phytoplanktonintheglobalcarbon(sec.2.3.1)andsulfurcycles(sec.2.3.2),aswelasonthe
mechanismsthroughwhichphytoplanktoninfluencethebalanceofglobalclimate.
1.2 Oceancolorremotesensing
1.2.1 Space-borneoceancolorsensors
Themostsuitableapproachtomonitortheglobaldistributionofmarinephytoplanktonandto
estimatetheirtotalbiomassistheuseofsatelitedata(e.g.,PlatandHerman[1983];Aiken
etal.[1992];Sathyendranathetal.[2001]),whichcorespondstothefieldofoceancolorre-
motesensing,developedsincethe1980s(e.g.,seeIOCCGreport7,2008).Theprinciplebe-
hindisthatthecoloroftheocean(moregeneraly,thebackscateringlight)cariesinformation
aboutthewater’sopticalcomponents,includingthepigmentandparticulatecontentofthewa-
ter.Themostwel-knownoceancolorsatelitesensorshavebeenCZCS(CoastalZoneColor
Scanner,1978-1986),SeaWiFS(Sea-viewingWideField-of-viewSensor,1997-present),MODIS
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Figure 1.1: A simple scheme of the major biogeochemical cycles in ocean, including the role
of phytoplankton in ocean’s carbon cycle and marine food web. Courtesy to U.S. Depart-
ment of Energy Genomic Science program (http://genomicscience.energy.
gov).
(Moderate Resolution Imaging Spectroradiometers, Terra/2000-present and Aqua/2002-present)
and MERIS (Medium Resolution Imaging Spectrometer, 2002-present). Applying ocean color
sensors, long-term records of aquatic parameters are provided remotely on a global scale with
a vast range data products, covering essential climate variables [Maritorena et al., 2010]. There
are a large variety of applications for ocean color data products applications; e.g., to improve the
understanding of ocean biogeochemistry and marine ecosystem dynamics; to assess fisheries pro-
ductivity and the distribution of harmful algal blooms; and to be used as input data for mesoscale
open ocean processes and ocean modeling [McClain, 2009].
1.2.2 Chlorophyll-based methods
In retrieving phytoplankton biomass, most bio-optical ocean color algorithms (e.g., O’Reilly et al.
[1998]) derive the concentration of chlorophyll a, chl-a (see Fig. 1.2). The reason is that chl-a is
a common photosynthetic pigment among all phytoplankton species [Kirk, 1994], and therefore
is generally used as the measure of phytoplankton biomass [Falkowski et al., 1998]. According to
Morel and Gordon [1980] there are three different methods for estimating the chl-a concentration
or the concentrations of other optically active constituents of the water in open oceans (or Case-1
waters, see sec. 2.1.5): purely empirical methods, analytical methods and semi-empirical methods,
which are briefly summarized below: 1
purely empirical methods: The purely empirical models are based on extracting direct relations
between optical field measurements (of reflectance or water-leaving radiance) and pigment con-
centrations (mainly chlorophylls). More precisely, these models establish a statistical relationship
1The brief summary given here, for the classification of chlorophyll algorithms, has been adapted from Algorithm
Theoretical Basis Document (ATBD 2.9) for the MERIS sensor provided by Morel and Antoine [1998]. The radiometric
concepts and quantities represented in this summary are defined in sec. 2.1.1.
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1.2.Oceancolorremotesensing
Figure1.2:SeaWiFS’globalclimatologyofmeanchl-a[mgm−3]forJanuaryandJune,from
1997to2008.CourtesytoAlvainetal.[2010].
betweenacertainratioofspectralreflectancesandchlorophylconcentrations.Thestatisticalrela-
tionshipisobtainedfromanalyzinglargesetsofbio-opticalin-situmeasurements.Thisleadstoa
linearregression(log-log)curve,basedonwhichthechlorophylcontentofseawaterispresented
asafunctionofreflectancesratio.Thefinalchlorophylproductcanbeformulatedasfolows:
[Chl]=A[R(λi)R(λj)]
B (1.1)
where[Chl]referstothechlorophylconcentration;R(λi)andR(λj)representthespectralre-
flectancesatcertainwavelengthsintheblueandgreenbands,respectively;andtheparametersA
andBcomefromalinearregressionanalysis.Themostsensitiveblue-to-greenratio,compared
toanyotherratio,iscorespondingtotheR(445)R(550)[GordonandMorel,1983],althoughsomealter-nativewavelengthshavealsobeenrepeatedlyutilized(e.g.,440,555and,560nm).Thismethod
wasusedasthebasisforthechlorophylalgorithmsinearlygenerationofoceancolorsensors,
suchasCZCS.However,ithasbeenrevealedthattherearelargeuncertainties(morethan35%)
associatedwiththesemethods[MorelandAntoine,1998;LeeandHu,2006].
analyticalmethods: Inanalyticalapproaches,basedontheadditivityprinciple,theinherent
opticalproperties(IOPs)ofwater,suchasabsorptionandbackscateringcoefficients(aandbb,
respectively),aresplitintoalopticalcomponentsthatcontributepartialytotheocean’sbackscat-
terradiation:
a=aw+aφ[Chl]+ag[G]+anap[Nap]+.. (1.2)
bb=bbw+bbφ[Chl]+bbg[G]+bbnap[Nap]+.. (1.3)
wherethesubscriptsw,φ,gandnaprefertowater,phytoplankton,Gelbstofandnon-algalpar-
ticulatemater,respectively;thestarsubscriptsrefertotheabsorption/scateringcoefficientsnor-
malizedbyconcentrationsofrespectivecomponents(specificabsorption/scateringcoefficients);
andthequantitieswithinthesquare-bracketsrepresenttheconcentrationsofdiferentcomponents.
Duetothelackofpreciseknowledgeofthespecificcoefficients(astheyarevariable)andtheab-
senceoftightrelationshipsbetweentheconcentrations,thisrigorousapproachistoocomplicated
forpracticalpurposes.Therefore,theentirelyanalyticalapproach,stilveryuncertain,hastobe
keptforadvancedresearchandproducts[MorelandAntoine,1998].
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semi-empiricalmethods: Thereareapproximatemodels,whichrelyrealisticalyonthepresent
stateofbio-opticalknowledge. Asemi-empiricalmethod(oralternatively,semi-analyticalap-
proach)usessomebio-opticalmodelstosimplifytheaboveequationsintofolowingforms:
a=aw+Fa[Chl] (1.4)
bb=bbw+Fbb[Chl] (1.5)
whereaveragerelationships(forCase-1waters)betweenotherconcentrationsandchlorophyl
concentration(i.e.,[Chl])aremergedwithintheFafunction;similarly,contributionsofphyto-
plankton,Gelbstofandnon-algalparticlesaremergedwithintheFbb,whichisitselfacertain
functionof[Chl].Then,basedonMorelandPrieur[1977],thereflectanceatthenuldepth(just
belowthewatersurface)isapproximated:
R(0−,λ)=fbb(λ)a(λ) (1.6)
wherefisanempiricalvalue(between0.3and0.5).Inpractice,sincedeterminationofspectraly
detailedabsorptionofseawaterisdifficult,theabsorptionterminEq.1.6isparameterizedand
replacedbythedifuseatenuationcoefficientofdownwelingiradiance(Kd)[Gordonetal.,
1988].Subsequentalgorithmsarebasedonthevariationoftheratio:R(λi)R(λj)(denotedhereafterbyρi,j)withchlorophylconcentration.Itmustbementionedthatforsubstitutingλiandλjinto
ρi,j,arangeofvaluesareutilizedbydiferentalgorithms.Theoutputchlorophylbiomassisthen
givenunderapolynomialformasfolows:
Log10[Chl]=
n
x=0
Ax(Log10ρi,j)x (1.7)
whereAxandxareparameterswhicharefixedvariouslybydiferentalgorithms.
Basedonsemi-empiricalapproaches,variousmodelsweredeveloped(e.g.,byMorel[1988]
andGordonetal.[1988]). Validationofsuchmodels,however,requirestocomparetheirpre-
dictionswithlargesetsofin-situmeasurements.Fig.1.3ilustratesanexampleofthesetypesof
validation.
Figure1.3:Theratioofreflectancesasafunctionofchlorophylconcentrations.Thecurve
corespondstoasemi-analyticalapproach,forwhichthistypicalcomparisonservesas
partofthevalidationprocess.CourtesytoMorelandAntoine[1998].
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Themajorglobal-orientedoceancolormethods(e.g.,SeaWiFS’OC4.v4empiricalalgorithm
[O’Reilyetal.,2000]andMODIS’sOC3Msemi-analyticalgorithm[Carderetal.,2004]),relyin
variousextentonempiricalapproachestorelatesateliteremote-sensingreflectance(Rrs)tothein-
situgeophysicalparametersortotheinherentopticalpropertiesofseawater.Thisfeature,whichis
alsocommonintheregional-orientedalgorithms(e.g.,Arigoetal.[1998]),requirestoaccessand
processlargesetsofbio-opticaldatafromfieldmeasurements. Moreover,theparameterizations
utilizedbythesesmethodsinvolveseveralstepsofapproximations.Andfinaly,thesealgorithms
arebasicalyformed-todiferentextents-throughanalyzingregionaly-colectedbio-opticaldata.
1.2.3 SatelitePFTretrievalandcurrentalgorithms
Overthepastdecade,inthefieldofoceancolorremotesensing,atentionshavebeenalsodrawn
totheextractionofmoreinformationaboutthemarinemicroscopicalgae(besideschlorophyl
content).Forinstance,inthiscontext,remoteidentificationofphytoplanktonsizeclasses(PSCs)
andphytoplanktonfunctionaltypes(PFTs)havealsobecomethetopicsofinterests.Theterms
PSCsandPFTsrefertothecertainapproachesforclassificationofphytoplanktongroups[Nair
etal.,2008].Inthesize-classapproachphytoplanktonarecategorizedbasedontheircel-sizes
(seesec.2.2.2);whereasinthefunction-basedapproachphytoplanktonaregroupedbasedontheir
specificimpactsonthebiogeochemicalcycles(seesec.2.2.2).Themainreasonforthenecessityof
goingbeyondthechl-aretrievalisthatdiferentphytoplanktongroups(basedonsize,composition
andphysiology)areknowntohavediferentbiogeochemicalimpactsandhencetakingvarious
rolesinmarineecosystems,primaryproduction(carbonfixation)andbiologicalpump(carbon
export). Moreprecisely,totalphytoplanktonbiomassrepresentedaschl-aconcentrationcannot
directlybeconvertedintocarbonbiomass,whichiscurentlyusedinmodelingofmarinecarbon
cycle.Forinstance,thespecificroleofdiatomsinthemarinecarbonandsilicateexport,dueto
theirlargecelsandheavysilicateskeletons(e.g.,Lochteetal.[1993];Boppetal.[2005];Nelson
etal.[1995])ortheefectiveroleofthecoccolithophoreE.huxleyiinthemarinesulfurcycle
(seesec.2.3.2),aswelasinthecarbonatepump(e.g.,ThiersteinandYoung[2004];Malinand
Steinke[2004];seealsosec.2.3.1).Therefore,recentoceancarbonstudiestriedtoconjunctthe
quantificationofcarbonpools(PICandPOC)withtheestimationofPFTs’spatialdistributionand
temporalvariation(e.g.,Greggetal.[2003];Quereetal.[2005]),sincetherehavebeenalsowel-
knownmethodstoestimatePICandPOCfromoceancolordata(e.g.,Stramskietal.[1999]for
POCandBalchetal.[2005]forPOC).Moreover,apartfromthegoodperformanceofsatelite-
derivedchl-a,overalontheglobalscale(e.g.,GreggandCasey[2004]),regionaldiferences
canbelarge.Forinstance,MitchelandHolm-Hansen[1991]showedthatthestandardCZCS
pigmentalgorithmunderestimatedconcentrationsneartheAntarcticPeninsulaby50−70%.This
wasassignedtotheregionaldiferencesinpigmentabsorptionandscatering,whichinturncan
bearesultofvarietyinthedominantphytoplanktontypes[Garciaetal.,2005].Therefore,even
forimprovingtheretrievalaccuracyofchl-a,theknowledgeonPFTs’distributionisessential.
Ontheotherhand,theknowledgeofchl-acontentaloneisnotsufficienttodistinguishand/or
assessquantitativelyspecificphytoplanktonbloomswithlargeenvironmentalimpacts,e.g.,harm-
fulalgalblooms(HABs).Onthisbackground,severalatemptshavebeendonetoretrievePFTs
andalsoPSCsfromspace-bornesensors,orientedinvariouspurposes:detectionofharmfulal-
galblooms[Milieetal.,1997],global-scalemappingofdominantphytoplanktongroups(Alvain
etal.[2005])andimprovingtheaccuracyofsatelite-derivedmarinechl-aormarinecarbon(e.g.,
Sathyendranathetal.[2004];Devredetal.[2006];Alvainetal.[2005];Aikenetal.[2007];Raitsos
etal.[2008];Bracheretal.[2009];Hirataetal.[2011]forPFTsandDevredetal.[2006];Cioti
andBricaud[2006];Uitzetal.[2006];Hirataetal.[2008];Brewinetal.[2010a]forPSCs).Most
ofthesestudiesrelatethealterationsobservedinopticalparameterstothevariationsmeasured
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inpigmentcompositions,celsizeandphytoplanktonpopulations.Somestudieshavesuggested
theapplicationofaregionalyparameterizedalgorithminsteadoftheuniversalretrievalalgorithm
(e.g.,Sathyendranathetal.[2004]).Ingeneral,twomainapproachesforretrievingPFTs/PSCsare
chl-a-basedandoptic-based,however,accordingtoBrewinetal.[2011],curentretrievalmethods
ofPFTsandPSCscanbecategorizedmorepreciselybasedonfolowingapproaches:
•spectralresponse:thescateringorabsorptionfootprintsofphytoplanktonontheincident
lightareanalyzedasthediferencesinthespectralshapes/magnitudesofbackscatering
radiationtoderivePFTsorPSCs.Forinstance:Sathyendranathetal.[2004];Alvainetal.
[2005,2008];CiotiandBricaud[2006];Bracheretal.[2009];Brewinetal.[2010a];
•chlorophylabundance:themagnitudeofchl-abiomassorlightabsorptionareusedto
derivePSCsorPFTs.Forinstance:Sathyendranathetal.[2001];Uitzetal.[2006];Devred
etal.[2006];Aikenetal.[2007];Brewinetal.[2010b];Hirataetal.[2011];Devredetal.
[2011];
•ecologicalparameters:environmentalparameters,suchastemperatureandwind-stressare
combinedwithbio-opticalinformationtoderivePFTs.Forinstance:Raitsosetal.[2008];
•particlesizedistribution:particlebackscateringsignalretrievedfromspace-bornesensors
areusedtoderivePSCsandPFTs.Forinstance:Hirataetal.[2008];Kostadinovetal.
[2009,2010].
1.3 MotivationandObjectives
1.3.1 ThenecessitytoimprovePFTs’retrievalalgorithms
Nevertheless,asitwasmentionedbyPlatetal.[2006],detectionofdiferentphytoplanktoncom-
munitiesfromsateliteisstilamajorchalengeinoceanoptics.Inthisrespect,complications
partlyariseduetotheshortageofin-situdatarequiredtovalidatetherespectiveremotesensing
algorithms.Inparticular,LeeandHu[2006]showedthatthesatelite-derivedchl-acarieslarge
erorswhichvaryspatialyandtemporary. Althoughtheaverageaccuracyofoceancolordata
productsinopenocean,acceptedbytheinternationalmissions,is±35%forchlorophyl-a[Mc-
Clain,2009](and±5%forwater-leavingradiances),accordingtoLeeandHu[2006],thisamount
canreachupto60%forawiderangeofoceanicregions,varyingwithseasons.Itmeansthatthe
PFTs/PSCsmethodsrelyingonchl-aabundanceobtainedfromoceancolorsensorsdocaryalso
thisuncertainties.
Moreover,mostofthemethodslinkedtotheempiricalorsemi-analyticalgorithmsarealso
confrontingthelimitationsassociatedwiththosealgorithms(e.g.,dependencyonlargesetsof
a-prioriin-situdata);sothattheyneedtocolecttheadditionalsetsofin-situdata,including
regionaldistributionsofPFTsandbio-opticalparameters.Themethodsprovidingdominantphy-
toplankton(e.g.,Alvainetal.[2005])representtheirresultsasthepercentageofabundanceof
thedominantspecies,withoutanyinformationonthechl-acontentofthedominantspeciesorthe
contributionsofotherspecieslivingtogetherwithdominantones(eventhoughtheymighthave
highpercentages).ThesefactshavemotivatedmorestudiesrecentlytoimprovecurentPFTs’
retrievalalgorithms.
1.3.2 TowardsanalternativePFTalgorithm
Inresponsetothisnecessity,Bracheretal.[2009]establishedanalternativemethod,caledPhyto-
DOAS(explainedinChapter3),whichisessentialydiferentfromthewel-knownocean-color
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algorithmsinseveralbasicfeatures:usinghyperspectralradiationmeasurements(withahigh
spectralresolution)onalargewavelengthrange,insteadoffewwavelengthbandsreflectancedata;
beingalmostindependentofthea-priorilargedatasets,beingindependentofthechl-aproducts
ofthemajoroceancolorsensors;assumingmultiple-typedofphytoplanktonpopulations,existing
simultaneously;andmorepotentialtotakethewaterpenetrationdepthintoaccount(seeChapter
3;describedoriginalybyBracheretal.[2009]).Themethodisbasedondetectingvariationsin
specificabsorptionspectraoftargetPFTs.Distinguishingfinespectraldiferencesinabsorption
footprintsofdiferentspeciesoverawidewavelengthrangerequirestoutilizethedataofahyper-
spectralsensor,whichhasbeensofarprovidedbySCIAMACHY,asensoron-boardENVISAT.
ApplyingthePhytoDOASmethodontheSCIAMACHYdata,globaldistributionoftwomajor
PFTs,diatomsandcyanobacteria,havebeenquantitativelyderivedbyBracheretal.[2009](more
detailswilbegiveninChapter3).
ThestudypresentedherehasbeendedicatedtoimprovingthePhytoDOASmethod(asan
extensionofDOAS,DiferentialOpticalAbsorptionSpectroscopy,totheaquaticmedia)inorder
todiscriminatemorePFTsfromSCIAMACHYdata.Moreprecisely,inthisstudysolutionshave
beendevelopedtoextendtheapplicationofPhytoDOASontotwoothermajorphytoplankton
functionaltypes:coccolithophoresanddinoflagelates.
1.3.3 Objectivesofthisstudy
Generalyspeaking,themainobjectiveofthisstudyhasbeentoimprovethePhytoDOASmethod
fordetectingmorePFTs.However,absorptionspectraofphytoplanktonspeciescontainstrong
spectralcorelationsinanyoperatingwavelengthwindow(contrarytothehigh-frequencyspectral
behaviorinabsorptioncross-sectionsofatmospherictracegases,whichmakethemfairlystraight-
forwardtargetstobediscriminatedbyDOAS).Thisfactisamajorchalengeintheretrievalof
phytoplanktonfunctionaltypesbythismethod.Regardingthistechnicalbackground,theobjec-
tivesofthisworkcanbeexpressedasfolows:
•todevelopmethodstoovercomethespectralcorelationsbetweentargetPFTs,whosefinal
setitselfhastobedeterminedthroughtheimplementedapproaches.
•toprocessalavailableSCIAMACHYdatawiththeimprovedPhytoDOASinordertoobtain
globaldistributionsoftargetPFTsoveralongperiod,asadata-setofmonthlymeanchl-a
concentrationofspecifictargets.
•totestthefunctionalityoftheimprovedmethodbyutilizingthatforthequantitativeiden-
tificationofmajoralgalbloomswithrespecttothetargetPFTs.Thistaskhasbeendone
(asacasestudy)byfocusingoncoccolithophorebloomsinselectedoceanicregions(dueto
theirvitalenvironmentalimpactsandalsotheirfrequentoccurences,whichmaketheman
availabletargetfordetection).
•toinvestigateandexpandthepotentialsofPhytoDOASforstudyingphytoplanktondynam-
icsassociatedwiththevariationsinenvironmentalfactors,whichhasrecentlyreceivedhigh
atentionsinconjunctionwithclimateresearch.
1.4 Outlineofthethesis
Thethesiscontainssixchapters,whichhavebeenarangedtocovertheworkcontentasfolows:
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•InChapter1(asseensofar)afteraveryshortglanceontheimportanceofphytoplankton,
themotivationandobjectivesofthisstudyhavebeenpresented.Throughthisveryshort
chapter,abriefoverviewoftheresearchfieldandthemajormethodshasbeengiven.
•InChapter2scientificbackgroundsofthiswork(i.e.,bio-optics)arebrieflypresented.The
chapterincludesthreesections,asfolows:(a)principalconceptsandradiometricquantities
concerningtooceanopticsandoceancolorremotesensing;(b)basiccharacteristicsofphy-
toplankton,includingdiferentclassificationmethods(basedonbiologicaltaxonomy,cel
sizeandbiogeochemicalfunctions),ecologicalrequirementsandresponsesofphytoplank-
toninmarinesystems;(c)environmentalimpactsofphytoplankton,includingtheirroles
inbiogeochemicalcycles(theglobalcarbonandsulfurcycles)andtracegasemission,by
focusingonDMSproductionanditsclimaticconsequences.
•InChapter3,todescribethemethodologyofthestudy,firstthephysicalcoreoftheretrieval
method(i.e.,DOAS)isexplainedindetails,fromwhichitisindicatedhowPhytoDOASwas
derivedfromDOAS.ThentheinputandoutputdatautilizedinPhytoDOASareintroduced,
andfinalytheapproachesusedforthemethodimprovementarerepresented.Attheend
ofthechapter,generalfeaturesandtechnicalspecificationsofSCIAMACHYsensor,the
sourceofsatelitedataforPhytoDOAS,arebrieflyintroduced.
•InChapter4theresultsofapplyingtheimprovedPhytoDOAStoSCIAMACHYdataare
presented.TheretrievalresultsincludeglobaldistributionoftargetPFTs,coccolithophores,
diatoms,dinoflagelates(inadditiontocyanobacteria),in2005.Themainresultsareshown
asmonthlymeanchl-aandarecomparedseparatelywithrespectivedatafromothersatelite
productsormodels.Thesameresultsfortheyear2008,associatedwithrespectivecompar-
isons,areprovidedintheappendix.
•InChapter5theapplicationoftheimprovedPhytoDOASinmonitoringcoccolithophore
bloomsispresentedasacasestudy.Thechaptercontainsthestudysetupandtheresults,
whichhavebeenobtainedfromprocessingeightyearsofSCIAMACHYdataoverthree
selected(coccolithophorerich)areas.Moreover,theresultsrepresentalsotheinvestigation
ofphytoplanktondynamicsoverselectedregionsinthecontextofvariationsofmainoceanic
geophysicalparameters. Aldataareshownasmonthlymeantimeseriesoveran8-year
period(2003to2010).
•InChapter6anoveralconclusionisbrieflygivenalongwithsomefurtherdirectionsofthis
studyasthedevelopmentperspectivesofthisstudy,whichcanbepartofthefutureworksto
expandtheprecision,capabilitiesandapplicationsofthePhytoDOASmethod;e.g.,using
SCIATRAN(acoupledocean-atmosphereopticalmodel,basedonradiativetransfertheory);
orapplyingLonghurst’sbiogeographicalprovincestothemethod.
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Chapter2
ScientificBackgrounds
Thischapterprovidesanoverviewtothetheoreticalbasisoftheoceanopticsinrelationwiththe
phytoplanktonbio-opticalimpacts.Theseprincipalconceptsandquantitiesareessentialinremote
sensingofphytoplanktoncontentsandopticalpropertiesofseawatersandmostofthemaredirectly
orindirectlyutilizedinthefolowingchapters.Moreover,thebackgroundinformationontherole
ofphytoplanktonintheocean,bothinbiologicalandopticalaspects,isbrieflyintroduced,aswel
asthemainenvironmentalfactorscontrolingthedynamicsofphytoplankton.
2.1 Bio-Optics:ashortoverview
2.1.1 Basicconceptsandquantitiesinradiometry
Radiometry1isthescienceofmeasuringlightinanypositionoftheelectromagneticspectrum.
Electromagneticradiationtransportsenergythroughspace,henceiscaledalsoradiantenergy,
Q,measuredinjoules,[j].Innaturalmediatheradiationfieldmostlyreferstothesolarradia-
tion,inwhichthevisiblespectralrange(fromabout400nmtoabout740nm)hasavitalrolein
photosyntheticprocessesofthebiosphere.Forintroducingthepropertiesofanelectromagnetic
radiationfield,thespectralradiantenergyisabasicquantitytostartwith,whichisdefinedasthe
amountofradiantenergyperunitwavelengthintervalatwavelengthλ:
Q(λ)=dQdλ [jnm
−1] (2.1)
However,theamountofincident(solar)lightisoftenintroducedbytheradiantflux,Φ,from
whichotherradiometricquantitiescanbeextracted.Therefore,radiantfluxisagoodpointtostart
thebasicdefinitionswith:
RadiantFlux: Radiantflux,Φ,isthetimerateoftheflowoftheradiantenergy(radiation)
throughahypotheticalsurface:
Φ=dQdt (2.2)
Φismeasuredinwats([W],equivalenttojoulepersecond:[Js−1]);itmightalsobepresented
byquantapersecond.Formonochromaticapplications,thespectralradiantfluxmightbemore
relevant,whichcanbederivedfromradiantfluxasfolows:
1Thebio-opticalmaterialsusedinthissectionhavebeenmostlyadaptedfromKirk[1994]andMobley[1994].
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Φ(λ)=dΦdλ (2.3)
RadiantIntensity: Radiantintensity,I,isameasureoftheradiantfluxperunitsolidangleina
certaindirection.Radiantintensitycanbedefinedforalightsourceoratapointinthelightfield,
thelaterofwhichbeingreferedasfieldradiantintensity.Thefieldradiantintensityistheradiant
fluxatagivenpointinaspecifieddirectioninaninfinitesimalconecontainingthatdirection:
I=dΦdω ; I(λ)=
dΦ(λ)
dωdλ (2.4)
whereωstandsforthesolidangle.Theradiantintensityhasunitsof[Wsr−1](watpersteradian).
Radiance: Radiance,L,atapointinafiledistheradiantfluxinagivendirectionperunitsolid
angleperunitarea,perpendiculartothedirectionofthelightpropagation.Sincethedirection
withinthelightfieldisdefinedbythezenithangle,θ,andtheazimuthangle,φ,thedefinitionof
radianceisalsogivenonthisbasis:
L(θ,φ)= d
2Φ
dScosθdω ; L(λ,θ,φ)=
d3Φ
dScosθdωdλ (2.5)
wheredSisaninfinitesimalsurfaceelementandtheequationontherighthandsidecoresponds
tothedefinitionofthespectralradianceanddω=2πsinθdθstandsforinfinitesimalelement
ofsolidangle(seeFig.2.1).
Figure2.1:Schemeofaradiantflux,Φ,incidentonasurfaceelementofdSwiththenormal
vectorofn.Theschemeindicatesalsothesolidangleelement,dω,andthezenithangle,
θ,whichareusedinthedefinitionoftheradiance.
Radianceisexpressedbyunitsof[Wm−2sr−1].Theangularstructureofthelightfieldis
determinedbythevariationofradiancewithθandφ.
Irradiance: Irradiance,E,isdefinedastheradiantfluxperunitareaofthesurface.Foragiven
pointwiththeinfinitesimalelementofdSaroundthat,iradianceisdefinedasfolows:
E=dΦdS ; E(λ)=
d2Φ
dSdλ (2.6)
wheretheequationontherightcorespondstothespectralirradiance.Iradiance,caledalso
radiantfluxdensity,ismeasuredin[Wm−2].
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Foragivenhorizontalsurface,e.g.,theair-waterinterface,dependingonthedirectionofthe
light,thetotaldownwardirradianceandthetotalupwardirradiance(EdandEu,respectively)
canbedefinedasfolows:
Ed(λ)=2πL(λ,θ,φ)cosθdω ; Eu(λ)=− −2πL(λ,θ,φ)cosθdω (2.7)
whereforEd(leftequation)theintegrationwithrespecttosolidangleisoverthewholeupper
hemisphere(0≤θ≤90◦);andforEutheintegrationisoverthelowerhemisphere(90◦≤θ≤
180◦).
Thereby,asanimportantquantityforaquaticmedia,thenetdownwardirradiance,E,canbe
presentedasthediferenceofEdandEu:
E(λ)=Ed(λ)−Eu(λ)=4πL(λ,θ,φ)cosθdω (2.8)
forwhichtheintegrationofL(λ,θ,φ)cosθisdoneoveraldirections.
ScalarIrradiance: Scalarirradiance,E0,isameasureoftheradiantintensityatapoint,con-
tainingradiationfromaldirectionsequaly.Thereby,E0iscomputedbyintegratingtheradiance
distributionatapointoveraldirectionsaroundit:
E0(λ)=4πL(λ,θ,φ)dω (2.9)
IrradianceReflectance: Basedonthedefinitionofupwardanddownwardiradiances,thespec-
tralirradiancereflectanceisdefined[Mobley,1994]astheratiooftheupwardanddownward
iradiancesatacertaindepthforaspecificwavelength:
R(z,λ)=Eu(z,λ)Ed(z,λ) (2.10)
whichisoftenmeasured(orevaluated)inthewaterjustbelowthesurface(z∼=0)
Remote-SensingReflectance: Remote-sensingreflectancerepresentstheamountoftheincident
light(ontothewatersurface)whichiseventualyreturnedthroughthesurfaceindirection(θ,φ)
intotheair,whereitcanbedetectedbyadownwarddirectedradiometer[Mobley,1994].The
spectralremotesensingreflectanceisdefinedas:
Rrs(θ,φ,λ)=L(θ,φ,λ)Ed(λ) (2.11)
whichisevaluatedusingLandEdmeasuredintheairjustabovethewatersurface.Theupward
radiance,L,justabovetheseasurfaceisoftencaledwater-leavingradiance,denotedcommonly
byLw.Afteratmosphericcorection,spectralwater-leavingradianceisderivedfromtheradiance
datacolectedbyanoceancolorsatelitesensor[Gordon,1997]. Bothwater-leavingradiance
andremote-sensingreflectanceserveaskeyparametersinoceanopticsandoceancolorremote
sensing.Rrshastheunitof[sr−1].
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VerticalDifuseAtenuationCoefficients: Intheaquaticmediaopticalpropertiesofthelight
fieldchangesignificantlywithdepthduetotheabsorptionandscatering.Theaccumulativeefect
ofthesefactorsiscaledthelightatenuation.Therateofchangesoftheopticalpropertiesofsea-
waterwithdepthareconventionalyintroducedbytheverticalratesofchangeoftheirlogarithms
andaremainlydefinedasunitlessquantities.Theresultiscaledtheverticaldifuseatenuation
coefficientforthatproperty[Mobley,1994].Asanimportantexample,theForinstance,vertical
atenuationcoefficientfordownwardiradiance,Kd,isgivenby:
Kd(λ)=−d(lnEd(λ))dz =−
1
Ed(λ)
dEd(λ)
dz [m
−1] (2.12)
wherezisrepresentstheunderwaterdepth.Thesamemannercanbefolowedtodefinethevertical
difuseatenuationcoefficientsforotherproperties.
VolumeScateringFunction: Thepenetrationoflightinamedium,likeseawater,isstrongly
afectedbythewayslightisabsorbedandscateredbytheconstituentsofthatmedium. The
scateringitself,dependsnotonlyonthescateringcoefficientsoftheconstituents,butalsoonthe
angulardistributionofthescateredfluxfromtheprimaryscateringprocess.Thisdistributionis
describedbythevolumescateringfunction,β(θ),whichforagivendirectionofθisdefinedas:
β(θ)=dI(θ)EdV (2.13)
wheredV=dSdristhevolumeelementofthescateringmedium(Fig.2.2),E=Φ0dSisthe
iradianceoftheincidentlightandI(θ)=dΦ(θ)dω istheradiantintensityofthescateredbeamatthatdirection.
Figure2.2:Schemeofaradiantflux,Φ0,incidentonaninfinitesimalsurfaceofdSwiththe
thicknessofdr.TheradiantdensityscateredinthedirectionofθisdenotedbyI(θ).
InsertingthesevaluesintotheEq.2.13,volumescateringfunctioniswritenas:
β(θ)=dΦ(θ)Φ0
1
dωdr [m
−1sr−1] (2.14)
whichcanbealsousedforastandarddefinition:volumescateringfunctionistheradiantfluxper
unitsolidangleω,scateredinthedirectionofθperunitpath-lengthinthemedium,expressedas
aproportionoftheincidentflux[Kirk,1994].
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ScateringCoefficient: Thescateringcoefficient,b,isdefinedasthefractionofradiantflux
scateredbyagivensubstanceinaldirectionsperunitpath-lengthoflightinthecontaining
medium:
b(λ)=1Φ0
dΦs
dr [m
−1] (2.15)
whereΦ0istheincidentradiantflux,dristheinfinitesimallightpath-lengthanddΦsisthepure
changeoccuredintheradiantfluxonlybecauseofthescateringbythesubstance. Thebis
measuredin[m−1]. Regardingthedefinitionofthevolumescateringfunction,thescatering
coefficientcanbederivedbyintegratingβ(θ)overthewholeangularrange(i.e.,0≤θ≤180◦):
b=2π θ=π
θ=0
β(θ)sin(θ)dθ=
4π
β(θ)dω (2.16)
wherethequantityof2πsinθdθhasbeensubstitutedastheinfinitesimalelementofthesolid
angle(dω)inasphericalframework.Thescateringcoefficientismostlydividedintoforward
scateringcoefficientandbackwardscateringcoefficient,denotedbybfandbb,respectively:
b=bf+bb (2.17)
wherebfrepresentsthelightscateredinaforwarddirectionoftheincidentbeamandbb(caled
backscateringcoefficient)corespondsthelightscateredinabackwarddirection.UsingEq.2.16,
bfandbbcanbewritenas:
bf=2π
θ=π/2
θ=0
β(θ)sin(θ)dθ ; bb=2π
θ=π
θ=π/2
β(θ)sin(θ)dθ (2.18)
ScateringPhaseFunction: Scateringphasefunction,˜β(θ),foragivensubstanceisitsvolume
scateringnormalizedbyrespectingscateringcoefficient:
β˜(θ)=β(θ)b [sr
−1] (2.19)
whoseintegraloveralsolidanglesisequalto1.Moreover,integralof˜β(θ)uptoanygivenvalue
ofθistheproportionofthetotalscateringwhichoccursintheangularintervalbetween0◦andθ.
ExtinctionCoefficient: Extinctioncoefficient,orthebeamatenuationcoefficient,c,istheto-
talratebywhichtheincidentlightisatenuatedinamedium. Hence,foragivenmediumthe
extinctioncoefficientistheoveralefectofabsorptionandscatering,asthesummationoftheir
respectivecoefficients:
c(λ)=a(λ)+b(λ) [m−1] (2.20)
wherea(λ)andb(λ)arethe(total)absorptionandscateringcoefficientsofthemedium,respec-
tively.Thedefinitionofa(λ)andgeneralexplanationaboutfeaturesandcomponentsofbotha(λ)
andb(λ)inaquaticmediaaregiveninsec.2.1.2.
Single-ScateringAlbedo: Giventheextinctionandscateringcoefficientsofasubstance/medium,
thesingle-scateringalbedo,mostrelevantforsmal-particlescatering,isdefinedastheratioof
thescateringtothebeamatenuationcoefficients:
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ω0(λ)=b(λ)c(λ)=
b(λ)
b(λ)+a(λ) (2.21)
whichisavaluebetween0and1.ω0=1impliesthatalparticleextinctionisduetoscatering;
conversely,ω0=0impliesthatalextinctionisduetoabsorption.
OpticalDepth: Duetotheefectsofscateringandabsorption(atenuationoflight)thedown-
wardiradiance,Ed,decreaseswithdepthwhenlightpenetratesintotheseawater.Thiscanbe
statedmoreapparentlybyrewritingtheEq.2.12asbelow:
Ed(z)=Ed(0)e−Kdz (2.22)
whereEd(z)andEd(0)arethevaluesofdownwardiradianceatthedepthzandjustbelow
thesurface,respectively;andKdisthemeanvalueoftheverticalatenuationcoefficientinthis
interval.Thereby,theopticaldepthforthegiveninterval(fromsurfacedowntothedepthz)is
definedas[Kirk,1994]:
ζ=Kdz (2.23)
Itmeansthatforagivendepth,thevalueofopticaldepthisproportionaltoKd,whichinturn
meansthatturbidwaters(aswelaswaterswithhighphytoplanktonpopulation)havehighvalues
ofopticaldepth.AsKdismeasuredin[m−1],theopticaldepthisaunitlessparameter.Thevalue
ofζisessentialfordeterminingthemaximumdepthdowntowhichanopticalsensorcanlookinto
thewater,e.g.,theverticaldomainthatcanbeaccessiblebyoceancolorremotesensing,whichis
oftenreferedtoastheverticallightpenetrationdepth.
Opticaldepth,ζ,asdefinedhereisdistinctfromatenuationlength,τ,whichisalsosometimes
caledopticaldepthoropticaldistance.Theatenuationlengthisthegeometricalpathmultiplied
bythebeamatenuationcoefficient(c)associatedwiththepath.Inplane-paralelwaterbodies,the
dimensionlessparameterofτisdefined[Mobley,1994]foraverticalintervaldowntothedepth
zasfolows:
τ(λ)= z
0
c(z,λ)dz (2.24)
PhotosyntheticalyAvailableRadiation: PhotosyntheticalyAvailableRadiation,PAR,refers
totheavailablevisiblelight(i.e.,from390to750nm)ateachdepthwhichcanbeusedbymarine
phytoplanktonintheirphotosyntheticprocesses.Theverticalatenuationcoefficientfordownward
iradianceofPARisregardedasthebestparametertocharacterizediferentwaterbodieswith
respecttotheirpotentialsofphotosynthesis[Kirk,1994];thereby,PARhasakeyroleinthe
fieldofoceanproductivityandprimaryproduction.PARisdependentonthedownwardspectral
iradiance(inthevisiblerange)anddecreaseswithdepth,especialyforthosepartsofwavelength
bandswhicharemoreabsorbedbythephytoplanktonspecies.
EuphoticZone: Inmarinebio-optics,theeuphoticzone,zeu,istheupperlayeroftheseawater
throughwhich(downtoamaximumdepth)thesignificantpartofthephotosyntheticprocesses
occurs.Inthecontextofprimaryproductiontheeuphoticzoneisassignedtothedepthwherethe
availablelight(moreprecisely,Ed)is1%oftheavailablelightjustbelowtheseasurface[Kirk,
1994].ByimplementingthisdefinitionintotheEq.2.22,itisinferedthattheeuphoticdepthis
equivalenttotheverticalintervalforwhichtheopticaldepthisequalto4.6.Thedepthofthe
euphoticzone(orphoticzone),isdeterminedbythetransparencyoftheseawater,whichinturn
dependsonthewaterconstituents,includingphytoplankton.
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RadiativeTransferEquation: Theinteractionoflightwithmaterisdescribedbyradiative
transfer(RT)theory,whichquantifiesaltheprocessesthatafectthedirectionandthequantity
ofphotonsinaradiationfield(atmosphereorunderwater). Usingtheradiativetransfertheory,
measuredradiantquantities,canbephysicalycharacterizedandmodeled. Thisispracticaly
performedbytheradiativetransferequation,RTE,whichisastatementofenergyconservation,
accountingforalenergylossesandenergygainsassociatedwithaphotonstreammovingthrough
thewateralongapathinafixeddirection.Givenacertainincidentlight,thecharacteristicsof
theunderwaterlightfieldareuniquelydeterminedbythepropertiesofthemedium,wherevari-
ousrelationsbetweenradiometricparametersareinterconnectedinRTE.Assumingahorizontaly
stratifiedwaterbody(i.e.,withpropertieseverywhereconstantatagivendepth),withaconstant
inputofmonochromaticunpolarizedradiationatthesurface,andignoringthefluorescenceemis-
sionwithinthewater,theRTEmaybewritenas[Kirk,1994]:
dL(z,θ,φ)
dr =−c(z)L(z,θ,φ)+L(z,θ,φ) (2.25)
wherethetermontheleftistherateifchangeofradiancewithdistance,r,alongapathspecified
byzenithandazimuthanglesθandφatdepthz. Theincidentradiationundergoesarateof
changeastheresultoftwooppositeprocesses:lossbyatenuation(c(z))alongthelightpath(dr),
representedbythefirsttermontherighthandside;andgainbyscateringalongthepathfromlight
beamsinitialytravelinginotherdirections(θ,φ)intothedirectionθ,φ,whichisrepresentedby
thesecondtermontherighthandside.Thetotalgainofradiance,L(z,θ,φ),isdeterminedbythe
volumescateringfunctionofthemediumatdepthzandtheradiancedistribution[Kirk,1994]:
L(z,θ,φ)=
2π
β(z,θ,φ;θ,φ)L(z,θ,φ)dω(θ,φ) (2.26)
wheredω(θ,φ)isthesolidangleelementforminganinfinitesimalconearoundthedirection
θ,φ.
Thevariationofradianceinthedirectionofθ,φcanbeachievedasfunctionofdepth,by
replacingdrinEq.2.25withdzcosθ:
cosθdL(z,θ,φ)dz =−c(z)L(z,θ,φ)+L(z,θ,φ) (2.27)
ThesolutionofL(z,θ,φ)isacquiredbyintegratingeachtermofEq.2.27overalangles:
4π
cosθdL(z,θ,φ)dz dω=− 4πc(z)L(z,θ,φ)dω+ 4πL(z,θ,φ)dω (2.28)
2.1.2 Apparentandinherentopticalproperties
Apparentopticalproperties:AOPs
Apparentopticalproperties(AOP)arethoseradiometricquantitiesofseawaterthatdependonthe
compositionsofthewaterbodyandalsoonthegeometricalstructureoftheradiationfield(e.g,the
directionoftheincidentlight,whichdependsinturnonthepositionoftheSuninthesky).AOPs
includeawiderangeoftheratiosofradiometricquantities:alverticalatenuationcoefficients(for
diferentquantities),Rrs(θ,φ,λ)(remotesensingreflectance),R(z,λ)(iradiancereflectance),
etc. Overal,thequantitiesrepresentedbyAOPsarenotindependentofthewaterconstituents,
likephytoplankton,whichhavemajorinfluenceonthedistributionofthelightfield.
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Inherentopticalproperties:IOPs
Inherentopticalproperties,IOPs,arethoseopticalparametersofnaturalwaterswhosevalues
dependonlyonthecompositionsofthewaterbody(notonthegeometrical/directionalstructure
oftheradiationfield).ThemainparametersofinterestinIOPsare:n(refractionindexofwater),
a(λ)(absorptioncoefficient),b(λ)(scateringcoefficient),β(θ,λ)(volumescateringfunction),
c(λ)(beamatenuationcoefficient),ω0(λ)(single-scateringalbedo),etc. TheIOPsarestrictly
propertiesofthemedium,unafectedbytheambientlightconditions,whereasAOPsareafected
bychangesintheincidentlightfield[SathyendranathandPlat,2007].AstheAOPsaredependent
alsoonIOPs,theycanbeparametrizedtoberepresentedbasedontheIOPs(mainlyabsorptionand
scateringcoefficients).Thisisthebasisofthesemi-analyticchlorophyl-aalgorithms,whichuse
remotesensingmeasurementsofspecificparametersofAOPstoevaluateb(λ)andbb(λ),beingin
turnusedforestimationofchlorophyl-aconcentration.
2.1.3 Absorption
Lightabsorptionoccurswhenanincidentphotonontoanatom/moleculeistrappedandconsumed
tobeconvertedintootherformsofenergy.Theabsorptioncharacteristicofasubstanceinaquatic
mediaisrepresentedbyitsabsorptioncoefficient,a,whichisdefinedasthefractionofradiant
fluxabsorbedbyagivensubstanceperunitpath-lengthoflightinthecontainingmedium:
a(λ)=1Φ0
dΦa
dr (2.29)
whereΦ0istheincidentradiantflux,dristheinfinitesimallightpath-lengthanddΦaisthepure
changeoccuredintheradiantfluxonlybecauseoftheabsorptionbythesubstance.Theais
measuredin[m−1].
Innaturalwaterstherearefourmajorconstituentswhichafecttheradiationfield:puresea-
water,phytoplankton,yelowsubstance(Gelbstof)andnon-algalparticulates.Therefore,thetotal
absorptioncoefficientinseawaterismostlyrepresentedbyfourseparateterms:
a(λ)=aw(λ)+aφ(λ)+ag(λ)+anap(λ) [m−1] (2.30)
wherethesubscriptsw,φ,gandnapareassignedtowater,phytoplankton,Gelbstofandnon-algal
particulatemater,respectively.Ofcourse,phytoplanktonarealsopartsofsuspendedparticulate
mater,butbecauseoftheirspecificbio-opticalroles,theyareusualyseparatedfromnon-algal
particulates.Spectralmeasurementsofpureseawater(e.g.,Morel[1974];SmithandBaker[1981])
haveshownthattheabsorptioncoefficientofpureseawaterindicatesverylowvalues(andalmost
aflatcurve)between300nmand500nm,butincreasesveryfastbeyondthesespectrallimits
(intheredandalsointhemiddleUV).Absorptionbyphytoplankton,aφ(λ),occursinvarious
planktonicpigments,amongwhichthechlorophylsarebestknown.
Theabsorptionofchlorophylischaracterizedbystrongabsorptionintheblueandinthered
(Fig.2.3),whichforchlorophyl-aareassociatedwithpronouncedpeaksatabout430nmand
665nm,respectively. Aschlorophyl-aisthemainpigmentinvariousphytoplanktoncels,its
concentrationafectsstronglythetotalabsorptioncoefficient(thereby,itisusedastherelevant
opticalmeasureofthephytoplanktonabundance). Theabsorbingpigmentsarenotuniformly
distributedwithinphytoplanktoncels,butarelocalizedinchloroplasts,whicharedistributed
non-randomlythroughoutthecel.Thisfeature,referedtoasthepigmentpackageefect(Duysens
[1956];Kirk[1975];MorelandBricaud[1981]),impliesthattheshapeoftheabsorbancespectrum
andthespecificabsorbanceperunitpigmentareindependentofconcentration.Packageefect
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causessortofflatnessinthespectralabsorptionofthecelsandisconsideredasthemainsource
ofinter-species(andalsointra-species)diferencesinphytoplanktonspectralabsorption.
Figure2.3:Specificabsorptionspectraformajorpigmentsofmarinephytoplankton,mea-
suredbyBricaudetal.[2004].Specificabsorption(a)foragivensubstanceisobtained
bydividingtherespectiveabsorptioncoefficienttothemeasuredconcentrationofthat
substance.Theahastheunitof[m2mg−1].
Yelowsubstance(Gelbstof)referstothechromophoricdissolvedorganicmater,CDOM,
whichareformedinthecourseofthedecompositionprocessoftheorganicmaterashumicsub-
stances.TheabsorptioncoefficientofCDOMindicatesasemi-exponentialdecreasewithwave-
length.Non-algalparticulates(inanimateparticulatemater)consistofmineralparticles,derived
fromthelandorfrombotomsediments(e.g.,calciteparticles)andnon-livingparticulateorganic
mater(detritus),suspendinginseawater.Ingeneral,themainopticalimportanceofinanimatepar-
ticulatemateristheirroleinthelightscatering.However,theyinfluencealsothetotalabsorption
ofseawater:theabsorptionspectraofinanimateparticulatemater(anap(λ))alhavemuchthe
sameshape:low(orno)absorptionattheredendofthevisiblelightspectrumandrisingsteadily
aswavelengthdecreasesintotheblueandUV[Mobley,1994].Inthissense,theyhaveverysimi-
larabsorptionpaternsasthoseoftheCDOM,butnotsosharpandsmoothasforCDOM.Fig.2.4
providesageneralcomparisonoffourmajorcomponentsofabsorptioncoefficientinseawater.
2.1.4 Scatering
Lightscateringoccurswhenaphoton,duringitsinteractionwithacomponentofamedium,is
re-radiated(scatered)anddivergedfromitsoriginalpath.Foragivensubstanceinaquaticmedia,
thecharacteristicsoflightatenuationduetoscateringisprimarilyrepresentedbyitsscatering
coefficient,b,whichwasintroducedbyEq.2.15andEq.2.15insec.2.1.1.However,toassessthe
scateringfeaturesofnaturalwatersinbio-opticsandparticularlyinoceancolorremotesensing,
itiswidelyacceptedthatthebackscateringcoefficient,bb,isamorerelevantparameterthanthe
scateringcoefficient,b.Indeterminationofthe(total)backscateringcoefficient,themajoroptical
constituentsofseawatermentionedforabsorptionplayalsomainroles,exceptforCDOM,which
hasnosignificantcontributioninthetotalscateringinseawater.
bb(λ)=bbw(λ)+bbφ(λ)+bbnap(λ) [m−1] (2.31)
wherethesubscriptshavethesamemeaningsasforainEq.2.30.
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Figure 2.4: Spectral absorption coefficients of major optical constituents of seawater, mea-
sured by Gurlin et al. [2011] for a high chl-a water body.
In general, the scattering process can be either elastic (preserving the incident wavelength) or
inelastic (changing the incident wavelength). A brief introduction to both types of scattering, with
more focus on their features in natural waters, is given in the following subsections.
2.1.4.1 Elastic scattering
The elastic scattering in the atmosphere, depending on the size of scatterer and the wavelength
of the incident light, is divided into Rayleigh and Mie scattering. In general, small particles with
sizes much smaller than wavelength of the incident light (like air molecules) favor the Rayleigh
scattering; whereas, large particles with sizes much larger than wavelength of the incident light
(like aerosols) favor the Mie scattering. The physical basis of the Mie theory [Mie, 1908] is similar
to that of Rayleigh [Young, 1982], i.e., based on oscillations caused by induced dipoles or polariz-
able bodies, which give rise to the re-radiation of light (scattering). However, instead of assigning
single dipoles to single molecules, as assumed in the Rayleigh theory, the Mie theory considers
the additive contributions of a series of electrical and magnetic multi-poles located within the par-
ticles [Mie, 1908; Stone, 1953]. The angular distribution of scattered light in the Mie scattering is
favored in forward direction within small angles of the beam axis, while in the Rayleigh scattering
there is no favored angular distribution for the scattered light. Both theories, in principle, apply to
spherical scatterers, however, there are practical models that use different approximations based
on these theories.
Within the natural waters there exist two types of elastic scattering, which are related to density
fluctuation of water molecules and also any kind of physical inhomogeneity that is larger than
the water molecules. These scattering phenomena are often referred to as the Rayleigh and Mie
scattering in the water bodies, respectively [Kokhanovsky, 2006].
Fluctuation scattering: based on Einstein-Smoluchowski theory, the permanent motions of wa-
ter molecules (and microscopic contents, like ions) leads to localized microscopic fluctuations of
density, which in turn causes fluctuations in the refraction index leading to scattering [Mobley,
1994]. The fluctuation scattering is often referred to as Rayleigh scattering by oceanographers,
because of two main reasons: the dimensions of water microscopic volumes whose densities (and
refraction indices) are under fluctuations, are still small relative to the wavelength of light (as in the
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Rayleighscatering).Secondly,thevolumescateringfunctionpertainingtothefluctuationscat-
teringofpureseawaterisverysimilartotheRayleigh’s,aspresentedinthefolowingequations
[Mobley,1994]:
βw(θ,λ)=β(90◦,λ0)+ λ0λ
4.32
(1+0.835cos2θ) (2.32)
βRay(θ,λ)=β(90◦,λ0)+ λ0λ
4
(1+cos2θ) (2.33)
wherethesubscriptswandRaystandforwaterandRayleigh,respectively. Accordingly,the
angulardistributionofthefluctuationscateringis,likeintheRayleighscatering,identicalin
bothforwardandbackwarddirections.
Particlescatering: innaturalwatersthereareahugenumberofparticles/particulateswitha
widerangeofsizedistributionandrefractiveindicesthatparticipateinthescateringprocessesin
theunderwaterlightfield.As,ingeneral,thedominantsizeofthein-waterparticlesismorethan
1µm,whichismuchlargerthanthewavelengthofthesolarvisiblelight,thescateringrelated
totheseparticles/particulatescanbeapproximatedbytheMiescatering.Thisalsoexplainswhy
CDOMhasnocontributionintheseawaterscatering.
Thein-waterparticulatescanbedividedintotwomainsets:phytoplanktonandnon-algalpar-
ticulates.Phytoplanktoncels(andcolonies)makeasignificantcontributiontothetotalscatering
behavioroftheaquaticmedium.TheextentofthescateringcontributionofPhytoplanktonvaries
amongdiferentspecies(e.g.,E.huxleyihasamuchlargerscateringcoefficientcomparedtoother
species).Theconvenientparametertocomparethescateringpropertiesofdiferentphytoplank-
tonspeciesisthespecificscateringcoefficient,bc,whichcorespondstothescateringcoefficient
foragivenspecieswiththechl-aconcentrationof1mg.m−3[Kirk,1994].However,asinnatural
watersthescateringisdominatedbydifractionfrompoly-disperseparticles(independentofpar-
ticlecomposition),theestimationoftotalscateringistoocomplicated.Therefore,basedonvery
precisemeasurementsofseawaterscatering(e.g.,byPetzold[1972]),somebio-opticalmodels
havebeendeveloped.AccordingtoMobley[1994],acommonlyusedbio-opticalmodelforb(λ)
isthatofGordonandMorel[1983]:
b(λ)= 550λ 0.30C
0.62 [m−1] (2.34)
whereCstandsforthechl-aconcentrationin[mgm−3].
Itmustbenotedthat,apartfromthe(total)scateringcoefficientofseawater,thecharacteristic
ofthescateredlightinamediumdependsontheangulardistributionoftheprimaryscatering,
whichisdescribedbythevolumescateringfunction,β(θ,λ).Forinstance,Kopelevich[1983]
developedawel-knownmodelforapproximationofthespectralvolumescateringfunctionin
seawaters.Thismodelseparatesthecontributionsbysmalandlargeparticles,whichareassigned
tothemineralparticlesandbiologicalparticulates,respectively.Inthismodel,smalparticlesare
associatedwithsizeslessthan1µmandrefractiveindices(relativetowater)ofn=1.15µm;and
largeparticlesareassociatedwithsizeslargerthan1µmandrefractiveindicesofn=1.03µm.
β(θ,λ)=βw(θ,λ)+νsβ∗s(θ)(550λ)
1.7+νlβ∗l(θ)(550λ)
0.3 (2.35)
withthefolowingparametrization:βw(θ,λ)asthevolumescateringfunctionofwaterasdefined
byEq.2.32,withλ0=550nm;νsandνlasthevolumeconcentrationsofsmalandlarge
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particles,respectively,withtheunitofpartspermilion(ppm);βs(θ)asthesmal-particlevolumescateringfunctionperunitvolumeconcentrationofthesmalparticles;andβl(θ)astheanalogousquantityforthelargeparticles.Formoredetails,see:e.g.,Mobley[1994].
2.1.4.2Inelasticscatering
Whathasbeensofarmentionedaboutscatering,hasonlycovered(briefly)thedominantpartof
thescateredlight,i.e.,theelasticscatering,whichreferstothedirectionaldeviationofthelight
beamwithoutanychangeinwavelength.However,anon-negligiblefractionofthescateredlight
isassociatedwithchangeinwavelengthoftheincidentlight,whichiscaledinelasticscatering.
Infact,theinelasticscateringinvolvesanenergyexchangebetweenlightandthemoleculesofthe
substance/mediumandthereby,leadstoredistributionofphotonsoverthewavelength.Themajor
sourceofinelasticscateringintheaquaticmediumisRamanscatering.However,undercertain
circumstances(e.g.,dependingonthecontentsofchl-aandCDOM),thefluorescenceemission,
asatrans-spectralprocess,playsasimilarroleinredistributionoftheradiationintheunderwater
lightfield.Bothphenomenaareverybrieflyintroducedbelow.
Ramanscatering: duringtheearly1980’s,aloceanographicmeasurementsofradiometric
parametersindicatedsignificantdeviationfromthemagnitudesexpectedbytheoreticalprinciples.
Moreprecisely,themeasurementsofdifuseatenuationcoefficients,KdandKu(seeEq.2.12),
wereconfusinglyfarfromthevaluessuggestedbytheGershun’slaw[Mobley,1994].Gershun’s
lawisawel-knownsolutionoftheradiativetransferequation(RTE,seeEq.2.27)intheaquatic
media,beingwritenas:
d
dz[Ed(z,λ)−Eu(z,λ)]=−a(z,λ)E0(z,λ) [Wm
−3nm−1] (2.36)
wherea,andE0standfortheabsorptioncoefficientandthescalarirradiance,respectively;
Whiletheseunexpectedresultswereoftenatributedtotheimperfectinstrumentation,Sugi-
haraetal.[1984]recognizedthatRamanscateringbywatermoleculesleadstoinelasticscatering
oflightfromshortertolongerwavelengths,whichexplainstheaboveobservationsaswel.InRa-
manscatering(occuringinsolids,liquidsandgases)amoleculeisexcitedintoahigherrotational
orvibrationalquantumstatebyanincidentphoton(ofcertainenergy).Theexitedmoleculethen
emitsaphotonofhigherwavelengththantheincidentphoton,withtheenergydiferencebeing
transferedbythemoleculetotheinternalrotationalorvibrationalenergy.Ifthemoleculeisal-
readyinanexitedstate,thenitmayemitaphotonofashorterwavelengththantheincidentphoton
andtherebyreturntoitsgroundstate[Mobley,1994].However,atterestrialtemperaturesofliq-
uidwater,Ramanscateringfromlongertoshorterwavelengthsisinsignificant.Thefrequencyof
thescateredphotonisdeterminedbythevibrationalandrotationalfrequenciesofthemolecule
(i.e.,itsquantumenergystructure),notbythefrequencyoftheincidentlight.Indeed,theunique-
nessoftheRamanspectralfootprintforeachmolecule,providesapowerfulspectroscopictoolto
identifythecompositionofagivensubstance,aswelastoobtainmoreinformationontheinternal
structureofthemoleculesinaquantumlevel.
Inquantummechanics,theenergyEofvibratingandrotatingmoleculessuchasO2andN2
isgivenby:
E(v,J)=Evib(v)+Erot(J) (2.37)
whereEvib(v)isthevibrationalenergy,withthequantumnumberofvandErot(J)isthero-
tationalenergy,withJasthequantumnumberofthetotalangularmomentum. Accordingto
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quantumtheory,eachmoleculartransitionprocessobeysthisrule:∆J=±1.Asthescatering
processinvolvestwoenergytransitions(oncebyabsorbingtheincidentphotonandthenbyre-
emitingasecondaryphoton),thetransitionrulementionedaboveleadstothefolowingcondition
forscatering:∆J=−2,0,+2.Inaddition,theprobablechangesinvibrationalenergyoccur
underthisquantumrule:∆v=−1,0,+1.Aselasticscatering(e.g.,Rayleighscatering)in-
volvesnonetexchangeofenergybetweenmoleculesandphotons,itcorespondstothisquantum
rule:∆J=0 and∆v=0.
Hence,inoccurenceofaninelasticscateringeither ∆Jor∆v(orbothofthem)have
non-zerovalues. While,purevibrationalRamanscatering(VRS)isequivalenttoatransition
of∆v=±1and∆J=0,purerotationalRamanscatering(RRS)isequivalenttoatransi-
tionof∆v=0 and∆J=±2.Inprinciple,forspecificmolecules,suchasO2andN2,both
typesofRamanscateringaresimultaneouslyplausible,satisfyingthequantumenergytransition
of:∆v=±1and∆J=±2.Inpractice,however,astheatmosphericcontributionofVRSin
theUV-visiblespectralrangesisverylow(comparedtoRRS),fortheusualscientificpurposes,
theatmosphericVRSisoftenneglected[Burowsetal.,1996;Joineretal.,2012].
Figure2.5:AdiagramofenergytransitionspertainingtotheinelasticRamanscatering.In
bothcasesanincidentphotonwiththeenergyquantaofhνinducesa(rotational)energy
transitionfromaninitialstateitoanvirtualexcitedlevel(dashedline).However,contrary
totheelasticscatering,thesecondarytransitiontothelowerleveldoesnotfinalizetothe
initialstatei,rathertothefinalstatef,whoseenergycanbehigher(Stokeslines)or
lower(anti-Stokeslines)thanthatoftheinitialstate.Theenergydiferencebetweenthe
initialandfinalstates,isequaltotheamountofenergychangeinducedbytheinelastic
scatering.Whilethesecondaryphotonhasalowerenergy(longerwavelength)forStokes
lines(left),ithasahigherenergy(shorterwavelength)foranti-Stokeslines(right).
•RotationalRamanScatering(RRS)2:Intheatmosphere,RamanscateringintheUV-
visiblerangesismostlyinducedbyO2andN2molecules[Katawaretal.,1981].Under
certainobservationgeometries(e.g.,atverylargesolarzenithangles)atmosphericRaman
scateringispredominatedbytherotationalRamanscatering(i.e.,therespectiveenergy
transitionsoccurmostlybetweenmolecularrotationalstates).Indeed,intheUV-visible
range,thecontributionofvibrationalinelasticscateringisonlyaround1/30thofthetotal
Ramanscateringundercommonobservationgeometries[Burowsetal.,1996].
RotationalRamanscateringintheairisoftenreferedtoastheRingefect[Graingerand
Ring,1962;Vountasetal.,1998],causingfiling-inofFraunhoferlinesinadaytimespec-
2AlthoughRRSismainlyanatmosphericphenomenon,itisworthexplainingthatherebecauseinthePhytoDOAS
methoditisregardedasaspectralcomponentoftheatmosphere.
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trum(asidefromothertrans-spectralprocesses).Ramanscateringintheatmosphere(i.e.,
theRingefect)isresponsibleforapproximately4%ofalscateringeventsoccuringby
theairmolecules,causingspectralfine-structure(e.g.,Joineretal.[1995]).RotationalRa-
manscateringbyairmoleculesthatinvolvesareleasedphotonwithlessenergythanthe
incidentone(∆J=+2)isreferedtoasRRSStokeslinesandthoseinelasticscatering
thatinvolvesanenergygainofthereleasedphotons(∆J=−2)iscaledRRSanti-Stokes
lines[Young,1982](seeFig.2.5).
Inthisstudy,basedontheabovearguments,insetinguptheatmosphericopticalcompo-
nentsoftheretrievalprocess,onlyrotationalRamanscateringhasbeentakenintoaccount.
•VibrationalRamanScatering(VRS):Inseawater,vibrationalRamanscateringisthe
dominantformoftheRamanscatering,becausetherotationalmodesarerestrictedbythe
stronghydrogenbondsofwatermolecules[KatawarandXu,1992;Sathyendranathand
Plat,1998].Inadditiontoelasticscatering,inelasticscateringofVRSbyliquidwater
contributessignificantlyinthespectraldistributionoftheoutgoingradiance,whichismore
pronouncedinoligotrophicwaters,whichhavelowchl-aconcentrationandlowGelbstof
[Vasilkovetal.,2002;Vountasetal.,2003].Duetotheimpactofredistributionofphotons
byRamanscatering,theaquaticVRS(alongwiththeatmosphericRRS)participatesin
thefiling-inefectofsolarFraunhoferlines,aswelastheabsorptionlinesoftracegases.
Thisfeatureisobservedmorepronouncedinspace-bornemeasurementsofbackscatered
radianceover(oligotrophic)oceanicregions. Asoligotrophicwaterscoverlargepartsof
theWorld’socean,accountingforthespectralsignatureofVRSisimportantinatmospheric
remotesensingoftracegasesovertheoceans[Vountasetal.,2003],aswelasintheocean
colorremotesensing.AlthoughinbothcasesRRShasalargerimpactthanVRS,itwas
shownby[Vountasetal.,2003]thatneglectingVRSwouldleadtoanerorofthemagnitude
of30%intheretrievalofsometracegases(suchasBrO)overoligotrophicwaters. A
particularlystrongVRSemissionbyliquidwaterarisesfromthevibrationalstretchingmode
ofO-H,whoseStokeslinesshowapeakat560nm[Kirk,1994].
Vountasetal.[2003]usedthewavelengthwindowof345−385nmtomeasureandmodel
theimpactofVRSovertheoceanicareas(basedonamodelproposedbySathyendranath
andPlat[1998])andfoundthatinbiologicalyactiveregions(i.e.,inphytoplanktonrich
areas)theVRSimpactismuchlowerthaninoligotrophicwaters.Thisisjustifiedbythe
factthatwaterswithhighchl-aconcentrationshavehighervaluesofopticaldepth,which
impliestheloweramountofscateringeventsbywatermolecules.Thisobservationwas
thenparameterizedandimplementedintotheDOASretrievalbyVountasetal.[2007]to
applytheVRSspectralfootprintforestimationofthelightpath-lengthinthewater.The
estimatedpath-lengthoflightisconsideredasanapproximationofthelightpenetration
depthintoseawater,whichisthemaximumdepthaccessiblethroughoceancolorremote
sensing. However,becauseoftwomainreasonstheparametrizationhasbeendoneby
(satelite)datacolectedfromtheUVrange:firstly,thephytoplanktonrichwaters,along
withwatermoleculesthemselves,absorbstronglypartsofthevisiblerange,weakeningthe
footprintofVRS(seeFig.2.6);secondly,duetothewavelength-dependencyofseawater
VRS(bVRS∝λ−5.3)[Bartletetal.,1998],VRSsignalinthevisiblerangeisweakerthan
intheUV.ItmeansthatinthevisiblerangeVRSsignalhasaverylowerchancetocompete
thespectralimpactsofRRS,tobeobservedclearly.Therefore,VRSsignatureisobtained
intheUVandthenisextrapolated(basedonBartletetal.[1998])ontothevisiblerange.
Inthisstudy,basedonthemethoddevelopedbyVountasetal.[2007],theVRSmeasure-
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Figure2.6:Absorptioncoefficientsforphytoplankton(BracherandTilzer[2001],assuming
achl-aconc.of0.1[mg.m−3]),DOM(Morel[1988])andpurewater(Buiteveldetal.
[1994]),togetherwiththetotalbackscateringcoefficient(SmithandBaker[1981],in
[m−1]),andaunitlessspectralsignatureofVRSasdefinedbyVountasetal.[2007].(The
figureadaptedfromVountasetal.[2007]).
ments(bySCIAMACHY)havebeenusedasaproxyofthelightpath-lengthintheseawater.
ThelaterquantitywaslaterusedinPhytoDOASprocesstoconvertthemainoutputofthe
retrieval(theabsorptionfit-factor)intothechl-aconcentration.
Fluorescenceemission
Ininteractionoflightwithsubstance,incidentphotonsoftheUV-visiblepartofthespectrum,have
(inprinciple)sufficientenergytocauseamoleculartransitionfromoneelectronicstate(usualy
thegroundstate)toanother.However,foracertainmolecule,theincidentphotontobecaptured
bythemoleculeneedstohaveanamountofenergyamongaspecificrangeofdistinctquanta.
Excitationoccurstooneofthemanyvibrational/rotationallevelsbelongingtothegivenelectronic
energylevel.Butundercertaincircumstances(notveryusual),thecapturedphoton,caninduce
ascenarioapartfromtheabsorptionandscateringscenarios,caledfluorescenceemission:after
absorptionofaphotonthereisaveryrapidseriesoftransitionsdownwardsthroughtherota-
tional/variationallevelsuntilthelowestelectronicenergystate(thelowestexcitedsingletstate)
isreached;theexcitedmolecule(atthelowestexcitedsingletstate)canthenundergoatransition
tooneofthevibrational/rotationallevelsofthegroundstatebyre-emitingaphotonoflonger
wavelengththanincidentone[Valeur,2001](seeFig.2.7).Thisphenomenonisreferedtoasflu-
orescence,throughwhichinlivingalgalcels(mainlybychl-a)around1%oftheabsorbedlightis
lost.Ifphotosynthesisisinhibited,thenfluorescenceincreasestoabout3%oftheabsorbedlight.
Thus,mostofthelightenergyabsorbedbytheaquaticecosystemendsupeitherasheat(vibra-
tional/rotationalenergydistributedamongstalthemoleculesofthesystem)orasthechemical
energyintheprocessofphotosynthesis.
A.Sadeghi 29
2.ScientificBackgrounds
Figure2.7:AsimplifiedprocessofthefluorescenceemissionbasedonJablonskienergydia-
gram.Thetransitionspertainingtoexcitation(absorption)andfluorescencetransitionare
ilustratedbygreenandredarows,respectively.Typicallife-timeofeachprocessisalso
shownontherighthandside.Figureadaptedfrom:http://www.olympusmicro.
com/primer/java/jablonski/jabintro/index.html.
2.1.5 Classificationofoceanwaters
Inbio-opticalmodelswhichhavebeendevelopedforthepredictionofIOPs(i.e.,a(λ),b(λ)
bb(λ))oceanicregionsareclassifiedasCase-1andCase-2waters.Thisclassificationoriginaly
wasproposedbyMorelandPrieur[1977]. However,theconceptofbio-opticalstatewasfirst
introducedbySmithandBaker[1978]torepresenttheefectofbiologicalprocessesonoceanop-
ticalproperties.SmithandBaker[1978]indicatedthatthoseopticalpropertiesaremainlyrelated
tothewatercontentofchl-a.Thisfindinginturnledtotheapplicationsofchl-aconcentrationas
theproxyforphytoplanktonandrelatedwaterconstituentsinbio-opticalmodels[Mobleyetal.,
2004].
•Case-1waters:opticalpropertiesaredeterminedprimarilybyphytoplanktonandrelated
CDOManddetritusdegradationproducts.Ingeneral,Case-1watersrefertotheopen
oceans,theof-shoreaquaticareasbeyondsignificantcoastalinfluence.Itisbelievedthatin
openoceanstheamountsofCDOManddetritusmatercovarystronglywithphytoplankton
activityandtherebychl-aconc.isthemainbiologicalparameter,determiningtheoptical
propertiesofCase-1waters.
•Case-2waters:opticalpropertiesaresignificantlyinfluencedbyotherconstituentssuchas
mineralparticles,CDOM,ormicro-bubbles,whoseconcentrationsdonotcovarywiththe
phytoplanktonconcentration.Ingeneral,coastalwatersarethetypicalexampleofCase-2
waters,wherehighturbidityisinducedbynon-biologicalprocesses,including:riverout-
flows,terestrialrunoforerosion,dustandaerosoltransports,sedimentre-suspensionby
curents,airbubblesinjectedintosurfacewatersbybreakingwaves,etc.
Thisclassificationhasbeenofparticularrelevanceforbio-opticalalgorithmsusedinocean
colorremotesensing.Inretrievingopticalpropertiesandconstituentsofoceanwatersbybio-
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opticalalgorithms,Case-1watersaremucheasiertargetsthanCase-2waters,whichareopti-
calycomplicated.However,besidealadvantages,therearesomelimitationsassociatedwiththe
aboveclassification(althoughMorelandPrieur[1977]mentionedthatthereisnosharpdividing
linebetweenCase-1andCase-2waters).Forinstance,Bricaudetal.[1981]indicatedthateven
inopen-oceanwatersdominatedbyphytoplankton,theCDOMconcentrationdoesnotcovary
withtheexistingamountofchl-a,becausetheCDOMconcentrationisinfluencedbypastphy-
toplanktonconcentrationsaswel.Additionaly,Gordonetal.[1988]mentionedtheproblemof
highcoccolithconcentrations,causingveryhighscateringefectwithoutco-varyingwithpigment
concentrations.
2.2 Marinephytoplankton:generalcharacteristics
2.2.1 Phytoplanktontaxonomicclassification
Marinephytoplanktonarebiologicalyclassifiedintotaxonomicgroups,inwhichthemaincate-
gories,representingthematthehighestrank,arebacteria(prokaryoticcels)andmicroalgae(eu-
karyoticcels).Theprokaryotesaretheorganismsthatlackacelnucleusoranyothermembrane-
boundorganeles,whileeukaryotesareorganismsthathaveacelnucleus.Theprokaryotesand
eukaryoteshavelongbeenthetwobasic(life)domainsinthetaxonomicrankingoflivingor-
ganisms;however,recentlythedomainprokaryoteshasbeenreplacedbytwoseparatedomains:
bacteriaandarchaea(unicelularmicro-organisms,geneticalydistinctfrombacteria).Thefamily
treeofalivingcreaturebeginsfromadomaindowntoacertainspecies,containinghierarchical
levels,which(inadownwardorder)are:domain,kingdom,phylum,class,order,family,genus
andspecies[Medlinetal.,2008].
Cyanobacteria
Inmarineecosystem,thedomainbacteriaincludestwophyla(divisions):eubacteriaandcyanobac-
teria.Sincethefirstphylum(eubacteria)isheterotroph,onlythelater(cyanobacteria),whichis
phototroph,belongstothephytoplanktoncompartment.Cyanobacteria,caledalsoblue-greenal-
gae,arerecognizedbycertaincharacteristics:nonmotileorhavingglidingmotility,heterocystor
capableofnitrogenfixation,photosynthetic(asbeingphototrophicbacteria),havingchlorophyl
andcarotenoidpigments,andsometimesevenphycobiliproteins(tocapturelight).Cyanobacteria
comprisetwofolowingclasses:“realcyanobacteria”andprochlorophytes.Therealcyanobac-
teriaitselfincludestwoorders:filamentouscyanobacteria(occuringincolonies)andcoccoid
cyanobacteria(occuringunicelular).
Microalgae
Pelagicmicroalgae(eukaryoticcels),theothercategoryofmarinephytoplankton,canberoughly
dividedintofolowingphylaandrespectiveclassesandorders(http://www.jochemnet.
de/fiu/OCB3043_21.html):
•chromophyta(possesschlorophylaandc):
–cryptophyceae
–dinophyceae(dinoflagelates):possessingatransversegirdleandalongitudinalfurow
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–chrysophyceae
–prymnesiophyceae(haptophytes)
e.g.,coccolithophoresandPhaeocystissp.
–bacilariophyceae
e.g.,diatomophyceae(diatoms):unicelularalgaewithsiliceousfrustules
•chlorophyta(possesschlorophylaandb):
–chlorophyceae
–prasinophyceae
–euglenophyceae
However,forourpurpose,othertypesofclassifications,focusingongeneralfunctionalities
ofdiferentphytoplanktongroupsaremorerelevantforoceancolorremotesensing.Theseare
brieflydiscussedbelow.
2.2.2 Alternativeclassificationsofphytoplanktoncommunities
Understandinginteractionsbetweenphytoplanktonandmarineenvironmentsisvitalyimportant
toimprovetheknowledgeofmarinebiogeochemicalcycles.However,thisgoalgoesbeyondthe
taxonomicclassificationofphytoplanktonspecies.Hence,duringrecentscientificchalengesin
thisfield,phytoplanktonsizeclasses(PSC)andphytoplanktonfunctionaltype(PFT)emergedas
relevantapproachesforthementionedpurpose.3
PhytoplanktonSizeClasses,PSCs
Anearlyapproachtoclassifymarinephytoplanktonwasbasedoncelsize[Sieburthetal.,1978],
inwhichphytoplanktonaredividedintothefolowingsizeclasses:picophytoplankton(0.2−2µm;
e.g.,cyanobacterialProchlorococcussp.),nanophytoplankton(2−20µm;e.g.,coccolithophores),
andmicrophytoplankton(morethan20µm;e.g.,diatomsanddinoflagelates).Thereareseveral
advantagesofthisapproach,amongwhichthemostrecognizedonesareaddressedbelow.Firstly,
celsizehasawel-knowninfluenceonthephytoplanktonphysiology[Chisholm,1992;Raven,
1998].Secondly,variabilityinsomebiogeochemicalfunctionscanbeaddressedbythecelsize
approach. Mainexamplesforthelaterareasfolows:highratiosofsurface-areatovolume
inpicophytoplanktonprovidethemwithhighefficiencyinuptakeofnutrientsundernutrient-
limitedconditions,therebytobecomedominantinoligotrophicwaters(theyalsosinkmoreslowly
thanlargercels);moreover,duetothepackageefect(brieflyexplainedinsec.2.1.3),smal
celsaremoreefficientinlightharvesting.Thirdly,microphytoplankton,ingeneral,dominate
nutrient-richwatersandaretheprincipalagentsofthecarbonexporttodeeperwaters.Andfinaly,
picophytoplanktonandnanophytoplanktonplayimportantrolesinthefoodweb(e.g.,Caddyetal.
[1995];Platetal.[2003]showedthecorelationbetweenmicrophytoplanktonbloomsandfish
productivity).
Theapplicationsofthesize-classapproachesinoceancolorremotesensinghavebeenshown
byseveralstudies(e.g.,Devredetal.[2006];Uitzetal.[2006];CiotiandBricaud[2006];Fuentes-
Yacoetal.[2007];Hirataetal.[2008];Brewinetal.[2010a]).However,fromabiogeochemical
3ThedescriptionsofPSCsandPFTsusedinthissubsectionhavebeenmostlyadaptedfromtheseminalpaperof
Nairetal.[2008].
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perspectiveasize-basedapproachtophytoplanktonfunctionalityisnotfulysatisfactory.Because
thesize-basedapproachfailstoseparatethebiogeochemicalfunctionsofsomephytoplankton
communitiesofthesamesizeclass,whicharecharacterizedbydiferentfunctions.Forinstance,
whilebothDMSproducersandcalcifiersareoftengroupedunderthesizeclassofnanophyto-
plankton,thetwogroupshavediferentefectsonatmosphericCO2:DMSproducers,withtheir
abilitytoformcloud-condensationnucleicauseanegativefeedbackontemperatureunderincreas-
ingatmosphericCO2,whereaschangeinalkalinityassociatedwithcalcificationincreasesrelease
ofCO2totheatmosphere,causingareversechange.Concerningtheselimitations,theconceptof
functionaltypesreceivedmoreatentions.
PhytoplanktonFunctionalTypes,PFTs
TheconceptofPFToriginatesfromabiogeochemicalviewpoint,thatphytoplanktondifergreatly
intheirbiogeochemicalfunctions.AccordingtoPFTperspective,groupsofmarinephytoplank-
toncanbecategorizedinthesamecompartmentwithout(necessarily)havingacommontaxon-
omy/phylogeny.Basedondistinctbiogeochemicalrolesofphytoplankton,theycanbeclassified
functionalyintonitrogen-fixers,calcifiers,silicifiersandDMSproducers.Abriefdescriptionof
eachgroupisgivenbelow.
Nitrogen-fixers: Themarinediazotrophicorganismshaveadirectimpactonthenitrogencycle
byconsumingatmosphericnitrogenasarawmaterialfortheirgrowth.Trichodesmium,agenus
memberofcyanobacteria,isthedominantnitrogen-fixingorganisminoligotrophicoceans.Ithas
beenrevealed(bymoleculartechniques)thatalargecyanobacterialpopulationwithcelsizein
therangeof3−10µmhavethepotentialfordiazotrophy[Zehretal.,2001],e.g.,Katagnymene
species.Apartfromcertaincyanobacterialspecies,therearesomecyanobacterialsymbiontswho
arealsonitrogenfixingphytoplanktoninopenoceans:e.g.,certainspeciesofdiatomssuchas
Chaetoceros,RhizosoleniaandHemiaulus[Schareketal.,1999;FuhrmanandCapone,2001].
Silicifiers: Fourphytoplanktontaxonomicgroupsarerecognizedtobethemainsilicifiersin
themarineecosystem:bacilariophyta(diatoms),silicoflagelates,chrysophytaandxanthophyta
[BrownleeandR.Taylor,2002],amongwhich,inturn,diatoms(bacilariophyta)arethedominant
silicifiersintheoceans.Diatoms,usualyfoundinnutrient-richwaters,areknowntobethemajor
organismsinthespringbloomoccuringintemperateandpolarregions[Lochteetal.,1993],being
responsibleforabout40%ofthetotalmarineprimaryproduction[Sarthouetal.,2005].Diatoms
usesilicatoconstructtheircel wals(frustules)tobeprotectedagainstgrazingbyzooplankton
[Smetacek,2001].Asaconsequence,theceldensityofdiatomsincreases,whichleadsinturnto
sinkfasterintothedeepocean.Hence,diatomscontributestronglyintheocean(vertical)carbon
export,aswel.
Calcifiers: Themainplanktoniccalcifiersbelongtothecoccolithophores,characterizedbytheir
calciteexternalplates,caledcoccoliths.Theformationofcalcite(calciumcarbonate)lowerscar-
bonateconcentrationinsurfaceocean,reducingseawateralkalinity,alsoassociatedwithrelease
ofCO2(seesec.2.3.1). TheincreaseinthepartialpressureofCO2insurfacewatersduring
calcificationisapotentialsourceofCO2totheatmosphere[Robertsonetal.,1994;Rostand
Riebesel,2004].TheincreasingconcentrationofatmosphericCO2inturnlowersthecarbonate
concentrationofthesurfaceoceanandafectscalcification.Theplanktonicformationofcalcite
(predominantlybycoccolithophores)providesapotentialsinkforparticulateinorganiccarbon,
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PIC.Moreover,calciumcarbonatealsoservesasabalastfortheefficienttransportofparticulate
organiccarbon(POC)todeepocean[Armstrongetal.,2002].Regardingtotheconceptbiological
pump(seesec.2.3.1),thismeansthatcoccolithophoresareinvolvedinbothhardtissuepumpand
soft-tissuepump,referingtothesinkingprocessesofPICandPOC,respectively.Thedistribu-
tionofcoccolithophoresrangesfromoligotrophicsubtropicalgyrestotemperateandhighlatitude
semi-eutrophicwaters[BrownandYoder,1994a].
DMSproducers: Dimethylsulphide,DMS,possessesanessentialroleintheglobalsulfurcycle
[Simo,2001].DMShasalsoasignificantinfluenceontheclimatebalance,throughformationof
sulphateaerosols,whichserveascloudcondensationnuclei(CCN),afectingthetotalalbedoand
therebycausingacoolingefect(moredetailsaboutformationandglobalimpactsofDMSare
giveninsec.2.3.2).MarinephytoplanktonarethemainsourceofDMSemissionsintotheatmo-
sphere.ThemainphytoplanktontaxonomicgroupsinvolvedinDMSemissionsaredinoflagelates
andhaptophytes[Sundaetal.,2002;MalinandSteinke,2004;ThiersteinandYoung,2004].More
precisely,E.huxleyiandPhaeocystissp.(bothfromhaptophytes)andcertainspeciesofdinoflag-
elatesareknowntobethemostprominentDMSproducers[Keleretal.,1989;Lissetal.,1997].
E.huxleyiistheglobaly-dominantspeciesofcoccolithophores,recognizedbyforminglarge
bloomswithsignificantenvironmentalimpacts.E.huxleyicanbefoundinaloceans(eveninthe
permanentlyoligotrophicwatersofthesubtropicalgyres),exceptinhighlatitudesofpolarregions.
However,largebloomsofE.huxleyihavebeenobservedmostlyinthesubarcticNorthAtlanticand
adjacentseas[BrownandYoder,1994a;Winteretal.,1994;TyrelandMerico,2004].Apartfrom
highrateofDMSemission,E.huxleyibloomsincreasesurfacealbedo(reflectance),accelerate
calcitefluxes(todeepocean)andafecttheoceanicuptakeofCO2[Westbroeketal.,1993].
ThePhaeocystisgenuscontributesannualyaround10%totheglobalmarineprimaryproduc-
tion(duetohighcarbonbiomassofthecels).ParticularspeciesofPhaeocystisformmonospe-
cificbloomsofgelatinouscoloniesexistinbothoceanicandcoastalareas.ThelargestPhaeocystis
bloomsoccurintheNorthernandSouthernpolarwaters,whereP.pouchetiandP.antarcticaform
theblooms,respectively[Schoemannetal.,2005].
Dinoflagelatesareunicelularmicro-organismswithanextremelywidebio-diversity,consist-
ingofabout2000species,almosthalfofthembeingphototrophs[GainesandElbrächter,1987].
Dinoflagelatesarerecognizedtocomprisealotoftoxicspecies,formingtheso-caledharmfulal-
galblooms(HABs).Duringthewarmmonthsofsummersometoxicspeciesintemperatecoastal
watersformoftenextensivebloomsingoldenorredcolor,caledred-tides,someofwhichharm
extremelyfishcommunitiesduetoreleasingneurotoxins[SmaydaandReynolds,2003].
Theapplicationsofthefunctional-typeapproachesinoceancolorremotesensinghavebeen
shownbyseveralstudies(e.g.,Sathyendranathetal.[2004];Alvainetal.[2005];Aikenetal.
[2007];Raitsosetal.[2008];Bracheretal.[2009];Hirataetal.[2011]). However,itmostbe
notedthatevenPFT-basedclassificationofphytoplanktonisnotstraightforward:firstly,thesame
taxonomicclassofphytoplanktonmayincludephytoplanktonwithdiversebiogeochemicalfunc-
tions(andmaycontainawiderangeofsizeclasses);forinstance,E.huxleyiisnotonlyaDMS
producer,butalsoacalcifier,asbeingacoccolithophorespecies.Furthermore,nosinglein-situ
techniqueforidentificationofphytoplanktontypesiscompletelysatisfactory[Nairetal.,2008].
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2.2.3 Phytoplanktonandnutrients
Diferentoceanicregionsalowdiferenttypesofmicroalgaetosurviveandgrow,withdiferent
growthrates.Thisphenomenonisprimarilyduetothediversityofnutrientregimessuppliedby
diferentgeographical/ecologicalareas,whichinturnmatchestothephysiologicalvarietiesin
phytoplanktonspeciesandrespectivemetabolicprocesses. However,spatialvariationsoftem-
peratureandavailablesunlightaremoredirectfactorstoexplainthegeographicalbiodiversityof
phytoplankton(asadaptationcapabilitiesofphytoplanktontothemarediferent)[Kirk,1994].
Throughphotosynthesis,phytoplanktonusesunlight,dissolvedCO2andwatertoproduceorganic
compounds,whicharethenusedasfoodandbuilding-blocksofcels.Asphotosynthesisisbased
onlightabsorptionbyphotosyntheticpigments(e.g.,chlorophyls),formarinemicroalgaephoto-
synthesisoccursmostsignificantlyinsurfacewater,whichisoftentheupper100mlayerofthe
ocean.Partoftheabsorbedsolarenergyisusedtobreakdownwatermoleculesintooxygenand
hydrogen.TheoxygenispartlyreleasedandtheobtainedhydrogenreactswithCO2toformsim-
pleorganicmoleculessuchasglucose(C6H12O6),whicharebuilding-blocksformorecomplex
organiccompounds.However,therealprocessofphotosynthesisismorecomplicatedthande-
scribedabove;forinstance,aspartofitsinternalmaterials,photosynthesisrequirescertaintypes
ofnutrients,whicharealsoessentialforthegrowthandreproductionofphytoplankton.
Mainnutrients Phytoplankton,intheirlifecycles,needawiderangeofminerals,amongwhich
themostvitalonesarenitrogenandphosphorous,ascommonlyusedelements.Thesetwoele-
mentsareusedbyphytoplanktontobuildupproteins,nucleicacidsandothercelparts;hence,
arevitalyimportantforgrowthandreproductionofphytoplankton[Kirk,1994]. Theuptake
ofnitrogenandphosphorousisamaterofcompetition,becausewhiletheyareneededinlarge
amountsforphytoplanktonlife/growthprocesses,theirconcentrationsinseawaterareverylow
inmostregions.Asmostofphytoplanktoncannotdirectlytakeupatmosphericnitrogen(N2),
chemicalyreactiveformsofnitrogencompounds,suchasnitrate(NO−3)orammonium(NH+4),arecommonlyused.Certainphytoplanktonspecies(fromcyanobacteria)cantakeupandconsume
molecularnitrogenandtherebyarecharacterizedasnitrogenfixers[Kirk,1994].Theuptakeof
phosphorousoccursintheformphosphate(PO3−4 )compounds.Phytoplanktonkeepgrowinguntilalofusablenitrogenandphosphorousareusedup.Inthemostoceanicareas,nitrogenisdepleted
firstandanitrogen-limitedgrowthwilbethecase,whichceasestheincreaseinphytoplankton
biomass.
Othernutrients IthasbeenobservedthatinsignificantlylargeareasoftheWorldOcean(e.g.,
SouthernOcean,theequatorialPacificandthenortheastPacific)evenavailabilityoflargeamounts
ofnitrateandphosphateinsurfacewaterdoesnotleadtoanexpectingincreaseinphytoplankton
biomass.Toexplainthisfact,ithasbeenproposedthat,apartfromnitrogenandphosphorous,
therearealsoothernutrientsregulatingphytoplanktonactivities,especialyiron[Martin,1991;
Moreletal.,1991].Ironisusedasacatalyzeroftheelectrontransferreactionsinphotosynthesis.
Therefore,thistraceelementisnecessaryfortheperformanceofphotosynthesisinalphytoplank-
tonspecies.Asironishighlyinsolubleinseawater,itisoftenalimitingnutrientwithsignificant
influenceonregulationofphytoplanktonbiomass. Asidefromiron,othertracemetalssuchas
copper,zincandcobaltarealsoimportantforphotosyntheticprocessindiferentspecies.
Siliconisanothernutrient,whichisvitalyimportantforlifecyclesofawiderangeofphyto-
plankton.Diatoms,theglobalylargestgroupofphytoplankton[Lochteetal.,1993],usesilicon
tomaketheirsilicaskeletons(frustules).Depletionofsiliconpreventsthereproductionofdiatoms
(andcertainotherspecies)andcanbringdiatomspringbloomstoanend;butsiliconisnotusualy
alimitingelementfordiatomgrowthinmostoceanicareas,exceptintheveryproductivecoastal
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upwelingsystems[Dortchetal.,1992].
Itmustbealsonotedthatphytoplanktonneednutrientsinwel-definedratios,recognizedas
Redfieldratios[Redfieldetal.,1963],statingthat(inarevisedempiricalestimation)foreach117
atomsofcarbon,16atomsofnitrogenandoneatomofphosphorousareneededtobecombined
inanorganicmater[SamientoandGruber,2006].
Sourcesofnutrients Nutrientsentertheoceanbasicalythroughnaturalprocesses,themain
sourcesofwhichare:weatheringofrocks(e.g.,silicates),conversionofatmosphericnitrogen
intobiologicalyusableforms,re-suspensionofsediments(e.g.,phosphorus-containingparticles),
aerosolloadanddustdeposition(e.g.,ironandsometracemetals),andremineralizationprocesses.
Remineralizationreferstotheprocess,bywhichtheorganicmaterofphytoplanktoncelsiscon-
vertedbackintoconstructingnutrients(andCO2).Theorganicagentsofremineralizationare
zooplanktonandbacteria,whicheatlivingphytoplanktonandtheirdeathbodies,respectively.As
theremineralizationprocessoccursbothinsurfacewateranddeepocean,thelateroneservesasa
nutrientsourcewhenthereleasednutrients(indepth)arebroughtbacktotheupperlayerthrough
upwelings.Moreover,anthropogenicinputstotheoceanareanothersourceofnutrients.Exam-
plesofinputsfromhumanactivitiesare:sewageanddetergentsarethemainhumansourcesof
oceanicphosphorous;nitrate-basedcompounds(e.g.,asresultsofagriculturefertilizers,vehicles,
etc.)aretheanthropogenicsourceofoceanicnitrogen,enteringoceansthroughriversorraining
precipitation.
Nutrient-basedclassificationofwaters Inoceanographytheregionsofextremelylownutri-
entconcentrations,oftenwithverylowphytoplanktonproductivity,arecaledoligotrophicwa-
tersor“oceandeserts”.Theregionsofextremescarcityofnutrientsarereferedtoashyper-
oligotrophicwaters:inthe WorldOcean,thesubtropicalgyresnorthandsouthoftheequa-
torarenutrientdepletedareasalyearround,exhibitinglowsurfacechlorophyl.Contrary,the
nutrient-richaquaticareas,possessinghighphytoplanktonpopulationsarecaledeutrophicwa-
ters:coastalareasorCase-2waters,duetothelargeinputsofnitrogenandphosphorousfrom
land,arethemostbiologicalyactiveregionsoftheoceans.Degreesofeutrophicationtypicaly
rangefromhyper-oligotrophicwater(maximumtransparency,minimumchlorophyl-a)through
oligotrophic,mesotrophic,eutrophic,tohyper-eutrophicwaters(minimumtransparency,maxi-
mumchlorophyl-a).Itisworthmentioningthatexcesssupplyofnutrients,occuringinsome
coastalareasduetohumanactivity,leadstoenhancedphytoplanktongrowth.Thisphenomenon,
whichiscaled“eutrophication”,cancauseextensivebloomswhichharmthelivingconstituents
ofseawaterbyloweringtheoxygencontentorbyreleasingtoxins(inthecaseofHABs).
2.2.4 Seasonalcyclesandmixedlayerdepth
Phytoplanktongrowthhasawel-definedseasonalpaternintemperateandpolaroceanicregions.
Generalyspeaking,therearethreetypesofprocesses,whichcontrolandregulatephytoplankton
growthandrespectivebiomassthroughseasons:physical,biologicalandchemicalprocesses.At
thephysicallevel,temperature(T)anddensity(ρ)ofseawaterplaythemajorroleinthedynam-
icsofsurfacewater,whichafectstronglythephytoplanktonactivitiesandlifecycles.Heating
fromsuncontrolsthetemperatureofseawaterandthelatercontrolsinturnwaterdensity:the
moresunlight,thehigher(surface)temperatureandthelowerwaterdensity,andviceversa.On
theotherhand,densityisdependentalsoonthesaltcontentofseawater(salinity,S).Itmeans
thatthedensityoftheupperoceanisprimarilyafunctionoftemperatureandsalinity.However,
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therearealsootherfactorsafectingtheseparameters:e.g,evaporationofwaterincreaseswater
salinityanddensity;whileinputsoffreshwaterbyrainandriverslowerbothsalinityandden-
sity.Thetemporalchangesintemperatureandsalinityofseawateraroundtheglobe,alongwith
specificcharacteristicsofwater(e.g.,ahugeheatcapacity),leadtothestratificationofwaterbod-
ies.Consequently,indiferentoceanicareastherearevarietiesofverticalprofilesofdensityand
temperature,eachofthemfolowingitsowntemporalvariation.
Tounderstandtheseasonalvariationofphytoplanktonbiomass,itshouldbediscussedhowthe
changesinheating(fromsun)influencetheverticalstructureoftheupperlayersofoceans(usualy
thetopfewhundredmeters).Sinceintheoceantheverticaltransportofheatiscariedoutbythe
bulkmovementofwater-bodies(convection),theconceptofmixed-layerisrelevantfordescribing
thevariationsinverticalstructure.Thesurfacemixedlayeristheupperlayerwithinwhichsalinity,
temperatureanddensityarealmostverticalyuniform,duetotheturbulencesinducedbywinds,
cooling/heatingprocessesandotherfactorssuchasevaporation.Thehomogeneityisnotperfect
becausevelocitiesexhibitsignificantshearswithinthemixedlayer[Boyer-Montegutetal.,2004].
Thebotomofthemixedlayerischaracterizedbyagradientintheverticalvariationofwater
properties(T,Sandρ).Thedepthofmixedlayerdeterminestheaverageleveloflightseenby
marineorganisms(e.g.,inverydeepmixedlayersphytoplanktonarenotabletoabsorbenough
lightforphotosynthesis).Moreover,variationsofthemixedlayerdepth(MLD)withtheheating
process(ordensitychange)regulatesthedistributionofnutrientsinsurfacewaters.Therefore,the
depthofsurfacemixedlayer(i.e.,MLD)anditstemporalvariationsareveryimportantfactorsin
marinebiology[Obataetal.,1996].Forinstance,Sverdrup[1953]proposedausefulcriterionfor
describingtheinitiationofaspringbloom,caledcriticaldepth.Shalowingofthemixed-layer
depthtoadepthlessthanthecriticaldepthiscoincidentwiththerapidgrowthofphytoplankton
(orspringbloom).
Winter: inwinter,verylowheatfluxfromtheSunleadstothecoolingofsurfacewaters,ina
morerapidratethanintheautumn.Theresultisahighincreaseinthedensityofupperlayer.
Consequently,thesurfacewatersaremixedupwiththelessdensewatersbelow,whichinturn
bringsthedeepwaternutrients(e.g.,accumulatedthroughre-mineralizationprocesses)backto
thesurface.Therefore,thesurfacewatersbecomenutrient-richduringthewinter.However,as
sunlightisnotsufficientforasubstantialrateofphotosynthesis,phytoplanktondonotgrow.The
winterseason,inthiscontext,isrecognizedbyadeepmixedlayerandnutrient-richsurfacewa-
ters.Duetolastingofthecoolingprocessandthemixingofadjacentlayers,thevalueofMLD
increases,aswelastheamountofsurfacenutrients(seeFig.2.8).
Spring: inspring,duetotheavailabilityofsunlight,surfacewatersbecomewarmandloseden-
sity,whichmakesthemfloatingontopofthecolderandthereforemoredenselayerbelow.As
aresult,phytoplanktongrowthoccursinsurfacewaters,whereplentyofnutrientsareavailable
afterbeingmixedupfromthedeepwatersduringwinter.Therefore,rapidgrowthinphytoplank-
tonbiomassoccurs,whichiscaledthespringbloom.However,inmostregions,phytoplankton
springbloomsarefolowedbyzooplanktonblooms,whichreducephytoplanktonpopulation(as
abiologicalfactor)andbalanceittosomesteadylevels(seeFig.2.8).Thespringseason,inthis
context,isrecognizedbymoderatemixedlayerdepthandfalingnutrientlevelsinthesurface
waters.Highdensitydiferencebetweensurfacewatersandthelayerbelow,leadstoarelatively
fixedvalueofMLD.
Summer: insummer,althoughthereishighamountofsunlight,phytoplanktongrowthstops,
becausenutrientshavebeenalreadyusedupbythelargephytoplanktonpopulationappearingby
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thespringbloom.Ontheotherhand,thewarmandlightsurfacewaterdoesnotalowanymixing-
upwiththecoldlayersbelow. Hence,algalactivitiesdecreasestronglyduringsummer;when
alnutrientsareeatenup,thesummerphytoplanktonbiomasswilreachitsminimum.However,
remineralizationofnutrientsinthesurfacewatersprovides,tosomeextent,phytoplanktonwith
requirednutrients.Moreover,usingtheatmosphericinputsofnutrients(i.e.,dustdecomposition)
certaintypesofphytoplanktoncansurviveandgrow.Thesameistruefortheriverineinputstothe
coastalwaters).Overal,inlargepartsoftheWorldOcean(e.g.,intemperatelatitudes)summer
isnotabiologicalyactiveperiod,comparedtospring.Thesummerseason,inthiscontext,is
recognizedbyshalowmixedlayerandlownutrientlevelsinthesurfacewaters(seeFig.2.8).
Highdensitydiferencebetweensurfacewatersandthelayerbelow,leadstoafixedvalueof
MLD.
Autumn: inautumn,day-timebecomesshorter,which(alongwiththereducedsolarelevation)
leadstolessheatingfromthesunandtherebytocoolingdownofsurfacewaters.Consequently,the
densityofsurfacewatersincreases,whichinturncausesasmaldensitydiferencewiththelayer
below.Asaresult,theupperlayersinksdownandthenutrient-richwatersfrombelowcometo
thetop(mixingupprocess).Asthereisstilenoughsunlightforphotosynthesis,aphytoplankton
growthoccurs,observedasanelevatedbiomass,whichiscaledthefalbloom.Thebiomass
magnitudeofthefalbloomsisalwayssmalerthanspringblooms,becausebothavailablesunlight
andnutrientsduringtheautumnarelowerthantherespectivequantitiesinspring.Thiscanalso
beseeninFig.2.8,wherethehigherpeakisassignedtothespringbloom,andasecondarypeakto
thefalbloom.Theautumnseason,inthiscontext,isrecognizedbymoderatemixedlayerdepth
andrisingnutrientlevelsinthesurfacewaters.Thesmaldensitydiference(reversely)between
surfacewatersandbelowlayer,leadstoacontinuousincreaseinthevalueofMLD.
Itmustbenotedthattheseasonalcyclesdescribedabovearenotsopronouncedinthetropical
waters,becauseintheseareasthetemporalvariationsinsunlightarenotstrong;therefore,phy-
toplanktoncan(inprinciple)growthroughouttheyear(dependingonthenutrients’conditions).
Moreover,thereareoceanicregionsofhighupwelingcharacteristic,wherenutrient-richwaters
areregularlybroughttothesurfaceandcausehighphytoplanktonproductivity.Inupwelingar-
easthepaternsofphytoplanktongrowthdonotfolowsimplytheseasonalpaterns,eventhough
theyareafectedbythetemporalvariationsinavailablesunlight.Upwelingregionscanbespe-
cificpointsofthedeep-oceancirculation,orsimplytheareaswhereoceancurentsmeetanocean
bankoraseamount.Oneofthemostwel-knownupwelingregionistheMauritanianupweling
areaofthecoastofMauritaniainthewestofAfrica. Unordinaryincreasesinphytoplankton
biomass(beyondthetypicalseasonalpaterns)canalsooccurwheniron-richmineralsarecaried
intotheoceaneitherviathewindstransportingdustsfromdeserts(e.g.,SaharaandPatagonia)or
byglacialriversandicebergs.Strongoceanicstorms(e.g.,huricanesandtyphoons)andeddies
havealsobeenrepeatedlyreportedtotriggerrapidgrowthofphytoplanktoninsomeregions,due
toafectingtheecologyofupperoceanonaregionalscale(e.g.,Babinetal.[2004];Lin[2011];
Wiliams[2011]).
2.2.5 Phytoplanktonblooms:definitionanddynamics
Phytoplanktonbloomsarerecognizedbyrapidandtemporaryincreasesintheamountofcelsof
marinealgae(mono-speciesormulti-species)incertainareas[Smayda,1997b].Apartfromthe
significantriseincelconcentrations,“bloom”,asgeneralyused,isanimpreciseterm,because
ofthevariationsassociatedwithspeciesandenvironmentalconditions. However,atthepeak
ofmassiveblooms,celconcentrationstypicalyreachtherangeof1,000,000celsperliteror
higher(dependingonthespeciesandthenutrientcondition,etc.)[TyrelandMerico,2004].
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Figure 2.8: Typical pattern of seasonal variations of phytoplankton biomass in the temperate
North Atlantic, compared with the variations of sunlight, zooplankton activity and nu-
trients’ availability. The figure adapted from: http://www.jochemnet.de/fiu/
OCB3043_23.html.
Mass occurrences of phytoplankton populations are common and natural events, appearing under
favorable conditions as availability of sufficient nutrients and sunlight, are intrinsically beneficial
to marine food-web processes. Periodic spring blooms occur in most sea-waters when increased
sunlight causes the thermocline layer to be formed, which in turn leads to the well-mixed water
columns in the upper ocean and abundance of nutrients after scarcity of winter season. Fall blooms
are also abundant, though weaker than spring blooms, when the nutrient rich waters in autumn are
turbulently stirred by winds to the surface [Smayda, 1997a].
The most abundant (and the largest) spring blooms are globally formed by diatoms, which are
considered to be the first primary producers in marine environments [Lignell et al., 1993]. Hence,
current concepts, models and experimental approaches of studying bloom dynamics/regulations
are primarily based on diatom-dominated spring blooms. Accordingly, blooms of other species
have been so far dismissed or received very low attentions (for instance, blooms of dinoflagellates
or even small blooms of diatoms in other seasons); the reason is that it was traditionally widely ac-
cepted that the spring (upwelling) blooms of diatoms are driving the whole marine trophodynamics
and can “sufficiently” explain the nutrient regulations, growth dynamics and respective mass bal-
ance. Moreover, there are methodological limitations to deal with the successions of blooms and
subordinate species occurring during bloom events, their variable ecophysiology and the poten-
tials of bloom magnitude [Smayda, 1997a]. Bloom abundance and fluctuations are commonly
expressed in terms of community biomass, where chlorophyll-a content is usually representing
the abundance index and the rate processes of total community (such as primary production) is
normalized by that. Therefore, phytoplankton growth is conventionally measured as a whole com-
munity response, based on chlorophyll-a index.
Community growth measurements presume that: (a) community’s taxonomic elements are
physiologically equivalent, and (b) chlorophyll-based estimates of community growth-rate are ad-
equate to measure the behavior of the dominant species. However, these assumptions provide
limited insight into bloom dynamics. In reality, community growth is only one of three differ-
ent, concurrent growth modes which characterize phytoplankton population dynamics: cellular
growth, population growth, and community growth. [Smayda, 1997a]. For instance, while coccol-
ithophore blooms, dominated by E. huxleyi, are also globally abundant, due to very small cell size,
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E.huxleyibloomsareusualyassociatedwithlowratherthanhighchl-aconcentrations[Tyrel
andMerico,2004].Thisfact,withrespecttotheabovediscussion,becomesmorenotableby
consideringthattherearebigoverlaps(spatialyandtemporary)betweenthebloomsofdiatoms
andcoccolithophores;e.g.,inrelativelyeutrophicwatersoftemperatelatitudesE.huxleyiblooms
occurjustfolowingthediatomspringblooms[TyrelandMerico,2004].
Ontheotherhand,itwasobservedthatduringthesecondhalfofthe20thcenturyalgalbloom
eventshavebeenincreasedonglobalscaleinduration,intensity,andfrequency[Andersonetal.,
1989,2000;Bianchietal.,2000].Mainreasonsproposedforthisincreasehavebeen:4
•transformationsassociatedwithclimatechange[Taylor,1990;Smayda,1997b],mostno-
tably:
–riseinseasurfacetemperature[StumpfandTomlinson,2005],
–riseinstormevents,increasingre-suspensionratesofnutrientsandspores[Babinetal.,
2004],
–riseinoceanicacidification(decreasedpH-valuesofseawater)[Bianchietal.,2000],
–changeinecosystemandmarinediversity[Andrefouetetal.,2008],
•increaseincoastaleutrophicationduetoagriculture,aquacultureandanthropogenicefects
[Andersonetal.,2002],
•shiptransportsofalienphytoplanktonspecies(cariedbybalastwaters)[Halegraef,2003].
Therefore,developingalternativemethodsforstudyingtheevolutionanddynamicsofphy-
toplanktonblooms(beyondin-situsamplingandmicroscopicmeasurements)becomesmoreand
moreimportant.Inthissense,aglobalframework(usingsateliteremotesensing)isavitalfactor,
aswelasconsideringthespecies-diversityoftheblooms,especialywithrespecttothebio-
geochemicalimpactsofdiferentphytoplanktonfunctionaltypesinvolvedintheprevalentbloom
events.
2.3 Environmentalimpactsofphytoplankton:aclimateview
Oceansandclimate:ageneraloverview
Around71%ofEarth’ssurfaceiscoveredbyoceansthatplayacriticalroleinclimate,bothon
globalandonregionalscales.Firstofal,duetotheveryhighspecificheatcapacityofwater,
oceansmoderatesignificantlytheglobaltemperatureandpreventitfromdramaticchanges(the
hugespecificheatcapacityofwaterisaconsequenceofhydrogenbondsamongwatermolecules).
Secondly,throughthermohalinecirculationandwind-drivencirculation,ruledbyatemperature
gradientbetweenthepolarregionsandtheequator,oceansredistributetheheterogeneousincom-
ingsolarenergyovertheEarth.Oceansdetermineandafectthetemporalandspatialregimesof
majorwinds,whichhavehighcontributionintheEarth’sclimate.Moreover,bypermanentevapo-
rationandsupplyingthecloudcondensationnuclei(CCN),oceanshaveanessentialroleincloud
formationandthroughwhichintheoveralatmosphericalbedo[Charlsonetal.,1987].Oceans
takeupatmosphericcarbondioxideandcontroltheexchange-rateofCO2withtheatmosphere.
Accordingly,oceanslinkthephysicalprocessestothebiologicalprocesses(phytoplanktonpri-
maryproduction)toconvertpartofthedissolvedCO2intoorganicmater.Theorganicmater
4Thereasonsclassifiedherefortheglobalyobservedincreaseinthephytoplanktonbloomeventshavebeenadapted
fromEbert[2009].
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partlysinksdowntothedeepocean,whereitcanbestoredforalongtimeeitherasdissolved
CO2orascarbonatesedimentattheoceanfloor.Therefore,oceanshaveavitalroleinglobal
carboncycle,aswelasbeingthemainsinkforatmosphericCO2[Sabineetal.,2004].Roughly
speaking,thetotalamountofcarbonintheoceanisabout50timesgreaterthantheamountinthe
atmosphere.Aspointedoutabove,apartfromthephysicalimpactsoftheoceanontotheclimate,
oceansinfluencetheclimatealsothroughbiologicalprocesses,whicharemainlymediatedbythe
functionsofmarinephytoplankton.Indeed,itisthoughtthatclimateispartlycontroled/regulated
bymarinealgae.
2.3.1 Phytoplanktonandtheglobalcarboncycle:biologicalpump
Globalcarboncycle
Therearetwoformsofcarbon:organiccarbon,whichispartofcompoundsformedbyliving
organisms(biomass)bondedtohydrogenornitrogen;andinorganiccarbon,whichismostlyoxi-
dizedformofcarbon(e.g.,CO2,CaCO3).Theglobalcarboncycleincludesterestrialandmarine
domains,whichcaninvolveorganicorinorganiccarbon.Themainclassificationoftheglobal
carboncyclecorespondstothedurationsofthecycles,ortheresidencetimes.Theresidencetime
istheaverageamountoftimeduringwhichasubstancestaysinagivenreservoiratsteadystate.
ForanaturalcyclethetermSteadyStatereferstothestateforwhichthesizeofreservoirdoesnot
changewithtime,thoughvaryingwithseasons;namely,therateoftheinputsareequaltotherate
oftheoutputs.Inthissense,theglobalcarboncycleincludestheshort-termcycles,withresidence
timesofseveraldaystoseveralyears,basicalyhappeninginbiosphere(e.g.,carbonexchange
betweensurface-oceanandatmosphere);theintermediate-termcycles,withresidencetimesof
100to1000years,happeningmostlyinthedeepocean;andthelong-termcycles,withresidence
timesofmilionsofyears,happeninginthegeosphere(sedimentsandrocks).Oceanicorganic
carboncontributebothintheshort-termandlong-termcycles,whileoceanicinorganiccarbon
(e.g.,CaCO3)aremostlyinvolvedintheintermediate-termcycle[Bolin,1983;Siegenthalerand
Sarmiento,1993].Themainglobalreservoirsofcarbon,inadecreasingorder,are:geosphere,
oceansandhydrosphere,soil,atmosphereandbiosphere.Intheglobalocean,upwelingwaters
(richinCO2)arethesourceregionsforcarbonanddownwelingregions(withhighproductivity)
aretherespectingsinkregions(www.globe.gov/projects/carbon).Sinceoceanscon-
tain60timesmoreCthanatmosphere,thustheshort-termandintermediate-termCcyclesare
drivenbyoceans.As92GtC/yr(gigatoncarbonperyear)atmosphericinputCintotheoceansare
compensatedby90GtC/yroutputCtotheatmosphere,theexchangewithatmospherethrough
surfaceoutisnotbalancedandoceanisaregardedasasink[Sabineetal.,2004].Ifthecontri-
butionofsedimentsink(about0.2GtC/yr)istakenintoaccount,thentheannualCinputof92
GtC/yrfromatmosphereintotheglobaloceaniscorespondingtothetotaloutputof90.2GtC/yr.
InorganicCentersintotheoceanbasedongassolubilityandbiologicalpumpoforganicC
(explainedinthenextsubsection).AccordingtotheHenry’sLaw(S∗PCO2=[CO2(aq)];with
Sasthesolubilityconstant),thegassolubilitydependsonthepartialpressureofCO2andwater
temperatureasfolows:thelowertemperatureandhigherPCO2resultinhighersolubility,i.e.,higher[CO2(aq)][Feelyetal.,2001].InorganicCexistsasdiferentformsofdissolvedinorganic
carbon(DIC),mostofwhichbeingtransportedtowardsthedeepocean.DeepDICisthelargest
storageofcarbonintheglobalocean,withverylongresidencetime,eventhoughcontributing
partialyinthesedimentflux.AfteraverylongperiodDICistransportedtowardstheupperocean
alongwiththeoceanicdeepcirculation.
Oceanicorganiccarbonisproducedinthesurfaceoceanonadailybasisthroughprimaryand
secondaryproductions,existingintwoformsofdissolvedandparticulateorganiccarbon(DOC
andPOC,respectively).Afterbeingproducedbybiologicalprocesses(e.g.,photosynthesis)in
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theupperocean,organiccarbonismixeddownwardanddilutedbyphysicalprocesses. Within
thewatercolumn(orinshalowsediment),mostofthereleasedorganiccarbonisremineralized
bymicro-organismswithinseveralhourstodaysandrecycledbackintosurfaceoceanDICor
deepoceanDIC[HanselandCarlson,2001]. Fig.2.9providesanoveralviewofthemain
sinks,sourcesandfluxesofcarbonoftheEarthSystem(IPCC2007:Solomonetal.[2007]).
Theexchangeratesofcarbonbetweenocean,atmosphereandland,withrespectiveestimated
fluxes,havebeenschematicalyilustratedinthisfigure.Thecontributionofanthropogeniccarbon
emissionishighlighted.
Figure2.9:TheIPCC2007reportonglobalcarboncycleforthe1990s.Themainannual
fluxesinGtC/yrareshownbothforpre-industrialnaturalfluxes(black)andanthro-
pogenicfluxes(red)basedonSamientoandGruber[2006];Sabineetal.[2004].IPCC
standsfortheIntergovernmentalPanelonClimateChange.
Ocean’sbiologicalpumpandcarbonflux
Aroundaquarterofanthropogeniccarbondioxide,producedbyburningfossilfuels,arestoredin
theoceans.Althoughcarbondioxideiscontinuouslyexchangedbetweenoceansandatmosphere
(drivenbyair-seaheatflux),partofdissolvedCO2issankdowntothedeepocean(directly
orindirectly)andstaysawayfromthesurfacewater,whereitcanbetransportedbackintothe
atmosphere.Thissinkingprocessofcarboncanoccurdirectlyasapurephysicalprocessduring
theformationofdeepwaters(mostlyintheLabradorSeaandtheGreenlandSeainthenorthern
NorthAtlantic),wherecoolsurfacewaters,containinghighamountofdissolvedCO2sinkdown
andconveydissolvedCO2tothedepth(solubilityofcarbondioxideincreasesincoldwaters).
Thisprocessofdirecttransportofdissolvedinorganiccarbon(DIC)tothedeepoceanisknown
assolubilitypump,whichisregardedasathermaly-drivengas-exchangepump.Asabriefresult
ofthesolubilitypump,incold-freshwatersCO2uptakefromatmosphereisfavoredandinwarm-
halinewatersCO2releaseintotheatmosphereisfavored[VolkandHofert,1985;Siegenthaler
andSarmiento,1993].
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Dissolvedinorganiccarbon(DIC),existsintheoceanasthefolowingforms:CO2(aq)(aque-
ouscarbondioxide),H2CO3(carbonicacid),HCO−3(bicarbonateion)andCO−23 (carbonateion).TheabundantformisdeterminedbytheactualrateofpH,whichforanormaloceaniccondi-
tionwouldfavorthebicarbonateion(HCO−3).Theabundanceratiosof[CO2(aq)],[HCO−3]and
[CO−23 ]arebelievedtobe1:100:10[Dickson,1991].DiferentformsofDICexistingintheoceantransformtoeachotherasfolows:
Dissolutionofaquaticcarbondioxide,CO2(aq),inseawater:
CO2(aq)+H2O⇐⇒H2CO3 (carbonicacid) (2.38)
Dissociationofcarbonicacid,H2CO3(dependingonpH):
H2CO3⇐⇒H++HCO−3 (bicarbonate) (2.39)
Dissolutionofbicarbonate,HCO−3(dependingonpH):
HCO−3⇐⇒H++CO−23 (carbonateion) (2.40)
ThelastequationcontrolsthepHofseawater;i.e.,whenpHincreases(decreasingH+,be-
cause:pH=−log[H+])theforwardreactionisfavored,whichmeansahigherproductionof
carbonateion;andwhenpHdecreases(increasing[H+])thebackwardreactionisfavored,which
meansahigherproductionofcarbonicacid.Ingeneral,theratioof[HCO−3]/[CO−23 ]variestokeepthelevelofpHatabout8.
Moreover,thereisanotherprocessofcarbontransportdrivenbyphytoplanktonactivity,hap-
peningalmostalovertheglobalocean,however,inmuchlowerratesinoligotrophicregions,
whicharecharacterizedbyverylowlevelsofnutrientconcentrationandphytoplanktonpopula-
tion.Thisprocessiscaledbiologicalpump,whichwilbebrieflydescribedinthenextpassages.
Viaphotosynthesis,phytoplanktonconvertdissolvedcarbondioxide(CO2(aq))intoglucose
(C6H12O6)(Eq.2.41),whichisthenconsumedforconstructingmorecomplexorganiccom-
poundsneededforphytoplankton’slife-cycleandreproduction.Thenetequationofphotosyn-
thesisprocess,occuringmainlywithintheeuphoticzoneorroughlywithintheupper150mof
watercolumn,isthefolowingreaction:
6CO2+6H2O+light=⇒C6H12O6+6O2 (2.41)
Photosynthesis,asseeninEq.2.41,isconsideredasthemainsteptoconvertdissolvedinor-
ganiccarbonintoorganicmater.Furthermore,aspartoftheshort-termCcycle,photosynthesis
resultsinseasonalcyclingofatmosphericCO2.BesidesunlightandCO2(aq),marinephytoplank-
tonrequireadequatesupplyofessentialnutrients(mainlyphosphate,nitrate,silicate,iron)toform
organiccarbon/tissuethroughphotosynthesis.TheratiosatwhichCO2,nitrateandphosphateare
cycledareknownasRedfieldratios[Redfieldetal.,1963].TheRedfieldratios,asanempirical
estimation(withuncertainty)iswritenasfolows:
CO2:NO−3:PO3−4 117:16:1 (2.42)
ThestoichiometricresultsofRedfieldratiosimplythatoceanicorganicmatersinvolvealmost
a“fixed”ratioofcarbonandnutrients[SamientoandGruber,2006].
Basedonnutrientconsumption,oceanicphotosynthesiscanberepresentedinamoreprecise
waytoincludealsotheremineralization/respirationprocess(asbackwardreaction):
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106CO2+16HNO3+H3PO4+78H2O⇐⇒C106H175O42N16P+150O2 (2.43)
wherethefirsttermontherightistheproducedorganicmater.Thistermcanbeidealy
statedasahypotheticalmoleculecontainingthemeancompositionoftheoceanicorganicmater:
(CH2O)x(NH3)y(H3PO4)z.
Asphytoplanktonhavetypicalyveryshortlives,afterfewdaystheirdeadbodiesarerem-
ineralizedbysurfacewaterbacteria,producingbackCO2intothewater,partofwhichisreused
inphotosynthesisandtherestistransferedbackintotheatmosphere(seeFig.1.1inChapter1).
However,forlargerspeciesofphytoplankton,deceasedorganismssinkdowndirectlyandtogether
withaggregatesandfaecalpeletsformtheso-caledmarinesnow.Themarinesnowisaprecipita-
tionfluxofmostlyorganicdetritus(includingzooplankton’saswel),exportingparticulatecarbon
fromtheupperlayersofwatercolumntothedeepwater,whereitcanbetemporarilysuspendedor
alsobeburiedontotheoceanfloor(Fig.1.1).Again,thedeepoceanorganicmaterwilberem-
ineralized(viabacterialrespiration)tobedecomposedintodissolvedCO2anddiferentminerals
(nutrients).DissolvedCO2istrappedthereforseveralthousandsofyears,untilthewaterbody
reachesthesurfacealongtheupwelingprocessoftheoceancirculation.Ingeneral,thevastma-
jority(>99%)ofsinkingorganicmaterisdegradedwithintheupperwatercolumn,reproducing
DICandnutrients[Wakehametal.,1997].From50GtCproducedannualybythemarinebio-
sphere,about40GtCisrecycledbackasDICintosurfaceocean,and10GtCisstoredasdeepDIC
[HanselandCarlson,2001;Feelyetal.,2001].Thisprocess,throughwhichparticulatecarbon
istransportedfromsurfacewater(euphoticzone)tothedeepwater,iscaledocean’sbiological
pump.TheBiologicalpumplinksatmosphericprocessestotheoceanicbiogeochemicalprocesses
andismuchfasterthanthesolubilitypump.However,bothpumpsendupwithstoringcarbonas
DICinthedeepocean[RavenandFalkowski,1999;Ducklowetal.,2001].
Thetermofbiologicalpumpcanbeappliedtorefertotwodiferenttypesofcarbonexport:
thetransportofparticulateorganiccarbon(POC)isdenotedbysoft-tissuepumpandthetransport
ofparticulateinorganiccarbon(PIC)isdenotedbyhard-tissuepump,wherePICreferstothe
suspendedcalciteparticles,composedofcalciumcarbonate(CaCO3).Thisdistinctionisneeded
becauseitisbelievedthatthelongtermcarboncycleiscontroledbyCaCO3[Miliman,1993;
RavenandFalkowski,1999].Brieflyspeaking,thesoft-tissuepumpreferstotheprocess,inwhich
theconsumedcarbonviaphotosynthesisenterstheocean’sfoodchain,andeventualyfalsout
ofthesurfacelayersasorganicparticulatemater,mostofwhichisredissolved(throughreminer-
alizationprocess)intothedeepCO2(aq)beforereachingtheseafloor.However,thehard-tissue
pumpreferstothefluxofparticulatecarbonfromthesurfaceoceantotheoceaninterior,depleting
surfacecarbonandenrichingdeepcarbon.Sincecalciteparticles(calciumcarbonate)arethemost
abundantcariersofinorganicparticulatecarbonintheocean,thehard-tissuepumpissometimes
caledcarbonatepump,whichisdescribedbelow.
Carbonatepumpandphytoplankton’scontribution
Throughdecompositionofdeadmaterialsofcalcifyingorganisms,calciteparticulates(PIC)are
released.Dependinguponthelocalcarbonatechemistry,thereleasedPICwilbeeitherdissolved
insurfacewaterorexportedtothedeepocean,wheretheywilbesedimentedontheoceanfloor.
Theexportofcarbonateshels,producedintheupperocean,towardsdeepwatersisknownascar-
bonatepump,whichisalsoreferedtoasthehard-tissuepump,becausethedownwardcalciteflux
canbealsopartofthesinkingprocessofparticulateorganicmater(POC).Whilethesoft-tissue
pumpisdirectlyrelatedtophotosynthesis,theotherpartofthebiologicalpump,i.e.,thecarbonate
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pumpisinterelatedtotheexportoftheorganic-producedcalciumcarbonate,occuringnotonly
bycalcareousphytoplankton(e.g.,coccolithophores),butalsobysomeothermarineorganisms
(e.g.,certaintypesofzooplankton,suchasforaminifera).Theothercompoundscontainingcal-
ciumcarbonate,originatingfrommarineorganisms,arearagonite(crystalformsofcalcite)and
magnesiancalcite(MgCO3).
Thefactorscontrolingthestrengthofthecarbonatepumparelessweldetermined,butgen-
eralythedownwardfluxofcarbonbythecarbonatepumpisconsideredtobeabout25%ofthat
bythesofttissuepump[Ducklowetal.,2001;SamientoandGruber,2006].
TheoceanicformationofCaCO3(calcification)andrespectivedissolutioncanbeexpressed
bythefolowingreaction:
Ca2++2HCO−3⇐⇒CaCO3+CO2(aq)+H2O (2.44)
Theabovecalcificationreactionindicatesthepathwaythroughwhichcalcareousplankton
(e.g.,coccolithophoresandforaminifera)builduptheirshelsandskeletons.
AlthoughtheCO2releasedbycalcificationmaybecompletelyrecycledwithinthecelby
photosynthesis,duringorganicformationofcarbonateshels(forwardreactioninEq.2.44)slight
amountsofCO2canbereleasedinsurfacewaters(alkalinityconsumption)[Nimeretal.,1994];
whereasduringcalcitedissolutionindeepwaters(backwardreactioninEq.2.44),CO2iscon-
sumed(alkalinityproduction).Indeepwaterthereismorecarbonatedissolution,becausecold
waterunderhighpressurehasahighersaturationvalueforCO2,causingmoreH+tobereleased,
whichleadstomoreacidityandthenmoredissolutionofcarbonatesediments(thesolubilityof
CaCO3increaseswithhighpressureand(slightly)withlowtemperature).Asaresult,thewaters
ofhighHCO−3(releasedthroughcalcitedissolution)canbeinturntransportedtothesurfacewa-tersbyupwelingcirculationandincreasetherateofCO2uptakefromtheatmosphere[Volkand
Hofert,1985]. Hence,theprecipitationanddissolutionofCaCO3influencethealkalinityand
totalCO2andcanthuschangeoceanpHandpCO2.
Theimportanceofthecalcificationprocessintheglobalcarboncyclehasbeenincreased
[Batesetal.,1996;BalchandKilpatrick,1996]. Basedondatafromverticaldistributionsof
CaCO3andsediment-trapstudies,ithasbeensuggestedthat,undercalciteover-saturatedcondi-
tions,significantdissolutionofcalciumcarbonateisoccuringintheupper1000mofthewater
column,whichcouldactasapotentialsinkforatmosphericCO2[Milimanetal.,1999].There-
fore,abeterassessmentoffactorscontrolingtheproductionanddissolutionofcalciumcarbonate
isofgreatrelevanceforresearchonglobalclimate[Chouetal.,2009].
Generalyspeaking,thedistributionofcarbonintheoceanisregulatedbyacombinationof
threemajorfactors:transportbycirculation,chemicalprocessesandbiologicalprocesses,which
areinturnrelatedtotheoceanicparametersofsalinity(transportation),temperature(influencing
thesolubilitypump)andnutrientregime(controlingphytoplanktonactivitiesandhencebiological
pumps)[RavenandFalkowski,1999;Ducklowetal.,2001]. Particularly,thestrengthofthe
biologicalcarbonpumpsismodulatedbytherateatwhichnutrientsaresuppliedtotheeuphotic
zone.Withoutthecarbonpumps,atmosphericlevelsofCO2wouldbemuchhigherthanatpresent
andtheclimateconditiononthelargescalewouldbemuchdiferent.
2.3.2 Phytoplanktonandtheglobalsulfurcycle:DMSemission
Gasandparticleexchangesareveryimportantinteractionsbetweenoceansandatmosphere.There
areseveralgasesandparticlesemitedbymarinephytoplankton,whichplayvitalrolesinglobal
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climate.Inparticular,phytoplanktonemissionofdimethyl-sulfide(DMS)isknowntobevery
importantintheglobalsulfurcycleandhenceintheglobalclimate[Andreaeetal.,1983;Charlson
etal.,1987].Themarineemissionsofbiogenicsulfurintotheatmosphereiscomparabletothe
totalsulfurreleasedbyalfossil-fuelburnings[TurnerandLiss,1983;Lissetal.,1997].Itis
evidentthatperiodsofenhancedactivitiesofmarinephytoplanktonaredirectlycorelatedtothe
enhancedorganicmassinmarineaerosols[Singhetal.,2003].Here,wedescribebrieflytheDMS
emissionbyphytoplanktonanditsprominentroleinclimate.Afterwards,inthenextsubsection,
othermajorphytoplanktonemissionsaresummarized.
FormationofDMS
Dimethyl-sulfide,DMS,withthechemicalformulaofCH3SCH3,isthemajorvolatilesulfurcom-
poundinseawateranditsemissiontotheaircausesthecharacteristicsmelofthesea.DMSis
regardedasanimportantatmospherictracegasproducedbiologicalyinoceansandatthesame
timebeingresponsibleforthemaintransferofreducedsulfurfromtheoceantotheatmosphere
[AndreaeandRaemdonck,1983;Andreae,1990].DMSisproducedbytheenzymaticcleavageof
dimethylsulphoniopropionate[DMSP,(CH3)2S+(CH2)2COO−],whichisfoundwithinthecels
ofcertaingroupsofphytoplanktonandalsospecifictypesofmacro-algae.Thereareseveralrea-
sonsfortheproductionofDMSP,includingavoidingharmfulwasteproducts,survivingincold
andsaltywatersandpreventingfrombeingpreyedbyotherorganisms[Archeretal.,2001;Kumar
etal.,2002].Afterthecarierphytoplanktonhavebeeninfected,diedoreaten,theDMSPisbro-
kendownandDMSisreleased.However,betweenthebiogenicsynthesisofDMSPandtheDMS
emissionintotheatmosphere,manycomplexbiophysicalandbiochemicalprocessesinfluencethe
transformation,including:phytoplanktongrowth,autolysis,grazingbyzooplankton,virallysis,
bacterialconsumption,photochemistry,etc.[MalinandKirst,1997;Simo,2001].
OnlypartofthegeneratedDMSreachestheatmosphere;theremainingisconsumedbybac-
teriaintheocean-waterorisconvertedtoothercompounds.SinceDMSisconnectedtothe
phytoplanktonactivity,theDMSemissionisfoundduringphytoplanktongrowthperiods.
IthasbeenestimatedthatDMSprovidesabout21%oftheglobalsulfurfluxandmorethan
38%ofthesulfurenteringtheatmosphereandthereforeisthemajornaturalinputsourceofthe
globalsulfurcycle[Simo,2001].Othernaturalsourcesforsulfurfluxarevolcaniceruptionsand
organicproductionofCOSandCS2fromlandplantsandmarinealgae.DMSemissioncanbe
observedmostlyinregionswherespecifictypesofphytoplanktonaregrowing.
Althoughparticularmembersofseveralclassesofphytoplankton(including:dinophyceae,
haptophyceae,chrysophyceae,pelagophyceaeandprasinophyceae)arerecognizedtobeDMSP
producers,however,intracelularconcentrationofDMSP,asthebiogenicprecursorofDMS,is
highestinhaptophytesanddinoflagelates[Lissetal.,1997;Sundaetal.,2002].Overal,coccol-
ithophores(belongingtothehaptophytes)arethemostrecognizedDMSproducersintheglobal
ocean[Keleretal.,1989].Sinceamongseveralcoccolithophorespecies,albeingcharacterized
byconstructingcalciteshels/skeletons,E.huxleyi(Fig.2.10)isthedominantspeciesinmost
oceanicregions,itisconsideredtobetheprominentphytoplanktonspeciesinvolvedinDMS
emission[Lissetal.,1997;MalinandSteinke,2004].
HighamountsofDMSemissionshavebeenobservedinnorthernpartsoftheNorthAtlantic
OceanandalsointheBeringSeaoftheNorthPacificOcean,wherelargecoccolithophoreblooms,
dominatedbyE.huxleyi,areabundant(TyrelandMerico[2004]).
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Figure 2.10: A microscopic view of a E. huxleyi cell, surrounded by attached coccoliths. By
building calcite shells (coccoliths), coccolithophore species contribute strongly in the
oceanic carbonate and carbon cycles. (image courtesy of Markus Geisen and Jeremy
Young).
Figure 2.11: A scheme of the cycle of dimethyl-sulfide (DMS) and its exchange between
ocean and atmosphere. The figure was taken (and recreated) from: http://me-www.
jrc.it/dms/dms.html.
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DMSemissionandClimate
DMSisthepredominantformofbiogenicsulfurtransferedfromtheoceanintotheatmosphere.
ThetotalamountofDMSenteringannualyintotheatmospherehasbeenestimatedtobe40±20
TgS/yr,withTgdenotingteragram(1012gormiliontonnes).Thisamountcovers80−95%
ofgaseoussulfuremitedfromoceansandaboutonehalfoftheestimatednaturalsulfurfluxper
year[Andreaeetal.,1983;Lissetal.,1997].Afterbeingdeliveredintotheatmosphere,DMSis
oxidizedbyOH,NO3,BrOandCltoform,viadiferentpathways,sulphate(SO2−4 )andmethyl-sulphonicacid,MSA(whileSO2isproducedalsothroughfossil-fuelcombustionandvolcanic
eruptions,MSAisonlyoriginatedfromDMS).Aftersuccessivereactions,sulfurdioxide(SO2)
isproducedasanintermediatespecies,whichinturnistransformedintosulfuricacid(H2SO4).
TheacidicoxidationproductsofDMS(likeH2SO4)reactwithraindropletstoproduceacidrain
[Lissetal.,1997].Acidrainfals,reducetheamountofatmosphericsulfurbyreturningpartsof
thesulfateaerosolsbackintothelandandtheocean.Fromthereactionbetweensulfuricacid
andammonia(NH3),whichisanothergaseousoutputofphytoplanktonactivity,ammoniumsul-
phateaerosolsareproduced[Malinetal.,1992;Simo,2001].Thus,DMS,directlyandindirectly,
contributesincontrolingtherateofatmosphericacidity(alongwithvolcanoesandfossil-fuel
combustion).
Intheloweratmospherebothsulfuricacidandammoniumsulphateserveascloudcondensa-
tionnuclei(CCN),whichareessentialincloudformations.Sulphateaerosols,mostlyoriginated
fromDMS,havetwomainimpactsonclimate:locatedatastratosphericbeltalongwithother
aerosols,theyabsorbandscaterdirectlysolarradiationandinthiswayhaveadirectcoolingef-
fect;additionaly,actingasCCN,sulphateaerosolsareessentialforcloudformationandtherefore
theyhaveindirectcoolingefect,duetothecoolingefectofclouds’albedo.Boththesecoolingef-
fectscounteractpartlythewarmingefectofcarbondioxideandothergreenhousegases[Charlson
etal.,1987;Malinetal.,1992].
Consequently,byproducingandemitingDMSintotheatmosphere,marinephytoplankton
playavitalroleintheradiationbudgetoftheEarth,aswelasbeingthemainsourceofacidity
oftheatmosphereovermarineregions[Andreae,1990].Fig.2.11ilustratesschematicalythe
roleofDMSintheatmosphere.However,itisworthmentioningthatdespitesomeexaggerat-
ingviews,addressingacompensativeroleofphytoplanktonDMSproductivityagainsttheglobal
warming,likeCLAWhypothesis[Charlsonetal.,1987],itisstilunderdebateshowlargeexactly
thecontributionofphytoplanktoninclimatecontrolis.
2.3.3 Otheremissionsbyphytoplankton:HalocarbonsandVOCs
InadditiontoDMS,thereareothertracegasesemitedfromseawater,withhighclimaticim-
pacts. Thesegasesarenotdirectly,likeDMS,producedfromphytoplanktonactivity,butare
producedfromthereactionofsunlightwithsomeorganiccompoundscomingoriginalyfrom
phytoplankton.Themaingasesproducedinthismannerarecarbonylsulfide(COS)andhalocar-
bons.Carbonylsulfideisproducedphotochemicalyfromdissolvedorganicmater(DOM)and
participatesinthestratosphericozonecycle(COSisnotbrokenintroposphere),aswelasinthe
sulfurcycleandatmosphericalbedo,byformingsulfateaerosols[Andreae,1990].Marineproduc-
tionofCOSisaglobalysignificantsourceofthisgas.Volatilehalocarbons(volatilehalogenated
organiccompounds,VHOC)arecarbon-basedorganiccompounds,containinghalogenelements,
i.e,chlorine,iodineandbromine.Thecontributionofhalogensinoceanicchemistryisnosurprise,
consideringthattheoceanisglobalythemainnear-surfacereservoirofthehalogens(chlorine,
bromineandiodine),existingashalideionsinseawater,amongwhichthechlorineionCl−and
theoxidizediodine(iodate,IO−3)aremoreabundant[Chucketal.,2005].Apartfromthedirect
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fluxofsea-saltparticulatesintotheair,volatilehalogenatedcompoundsarealsoimportanttothe
transferofhalogenelementsfromtheoceantotheatmosphere[Vogtetal.,1999;Yassaaetal.,
2008].Theproductionofhalocarbonsinseawaterisaresultofbiologicalprocessesandtheefect
ofsunlightuponsomeorganiccompoundsinsurfacewater.Forinstance,methyliodide(CH3I),a
majoroceanichalocarbonsandthemaincarierofiodinetotheatmosphere[Lovelock,1975],is
producedbysomephytoplanktonspecies,someseaweedsspeciesandalsobyphotosynthesisof
iodine-containingorganiccompounds.Volatilehalocarbonsescapedfromoceanbecomeactively
involvedinatmosphericchemistry,becausetheycanbephotodissociatedtoformreactiveradical
speciesthatcatalyticalydestroyozone[ChameidesandDavis,1980].
Manyhalocarbonsbreakdownintoreactivehalogenradicalsinthetroposphereafterbeing
exposedtosunlight.Inthetropospherehalogenradicalsdestroytroposphericozone,whichhas
averystronggreenhouseefectandisalsoharmfulforhumanhealth.Therefore,marinedriven
halocarbonsareessentialforloweringtheleveloftroposphericozone;though,theydestroyas
welsomehydroxylradicals,whichareusefulforremovingharmfulchemicalsfromthetropo-
sphericair.Apartofoceanichalocarbonsistransferedbyatmosphericcirculationstotheupper
troposphereandlowerstratosphere. Oceanicbromocarbonssuchasbromoform(CHBr3)and
dibromomethane(CH2Br2)arethemainbiogenicsourcesofreactivebrominetotheuppertro-
posphere,wheretheycontributesignificantlytotheburdenoflowerstratosphericbromineand
therebydestructingozone[Chucketal.,2005].Reactiveiodineappearstobeindirectlythemajor
contributortohalogen-relatedozonelossinthetropicalmarineboundarylayer,byamplification
ofbrominecycles[Solomonetal.,1994].
AsidefromDMS,COSandhalocarbons,therearealsosomemarinebiogenichydrocarbon,
influencingtheclimate.Forinstance,isoprene(C5H8)isareactivebiogenichydrocarbon,afect-
ingoxidantchemistryinthetroposphereandorganicaerosolformation.Althoughthemainsupply
foratmosphericisopreneareterestrialsources,buttheyarealsoproducedinoceansbycertain
typesofphytoplanktonandseaweeds[Bonsangetal.,1992]. Moreover,marinephytoplankton
areindirectlyconnectedtotheformationofmethane(CH4)inoceanfloor,wherehugeaccumu-
lationofburiedorganicsedimentsconvertintomethane,undertheconditionofextremelyhigh
pressureandlackofoxygen.However,themostofthereleasedmethaneisusedupbybacteria
beforereachingthesurface,preventingtheatmospherefromrisingtheconcentrationofamajor
greenhousegas.
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Chapter3
Methodology
3.1 DiferentialOpticalAbsorptionSpectroscopy
PhytoDOAS,theretrievalmethodtoderivethequantitativedistributionofvariousphytoplankton
groups,isanextensionofDiferentialOpticalAbsorptionSpectroscopy(DOAS;PernerandPlat
[1979])fromtheatmosphericdomainintoaquaticmedia.1DOASexpandstheBeer-Lambertlaw
toalpossibleinteractionsbetweenlightandalatmosphericopticalcomponents.Therefore,it
containsalextinctionimpactsoftheatmospheresuchastheabsorptionandscateringbytrace
gases(scateringisnegligible)aswelasthescateringbyairmolecules,suchasRayleighandMie
scatering.TheextensionoftheoriginalformoftheBeer-Lambertlaw,Eq.3.1,toitsapplicable
formintheatmosphere,isoutlinedasfolows:
I(λ)=I0(λ)·exp −L
N
i=1
(ai(λ)+si(λ))ni (3.1)
whereI(λ)andI0(λ)arethemeasuredintensitiesoftheincidentandthetransmitedra-
diations,respectively;ai(λ)andsi(λ)aretheabsorptionandthescateringcross-sectionsof
theithspeciesjointlyaccountingfortheextinctioncross-sectionin[cm2molecule−1];niis
thenumberdensityoftheithspecies[moleculesm−3];Listhetotallengthofthelight-path
andλisthewavelength.Herethepositivedimensionlessargumentoftheexponentialfunction,
L Ni=1(ai(λ)+si(λ))ni,iscaledtheopticaldepth(ortheopticalthickness)ofthemedium,denotedbyτ.Now,tomodifythisequationforatmosphericapplications,RayleighandMiescat-
teringoftheairmoleculeshavetobetakenintoaccount.ByincorporatingtheseintoEq.3.1and
integratingoverthewholeatmosphericlight-path,thefolowingequationisobtained:
τ(λ)=lnI0(λ)I(λ)=
N
i=1
σi(λ)ρi(s)+σR(λ)ρR(s)+σM(λ)ρM(s)ds (3.2)
wheredsisthelight-pathdiferentialelement;σR(λ)andσM(λ)arethescateringcross-
sectionsassignedtoRayleighandMiescatering,respectively;ρR(s)andρM(s)arethenumber
densitiesassociatedwithRayleighandMiescateringintheatmosphere.Thusthelasttwoterms
inEq.3.2corespondtotheRayleighandMiescateringcoefficients.Asanothermodification,the
absorptioncontributionsofthediferenttracegaseshavebeenaddedtoEq.3.1viaasummation
term, Ni=1σi(λ)ρi(s),whichisavalidtreatmentaslongastheatmosphereisopticalythin,i.e.,τ 1.EachtracegasinEq.3.2hasanabsorptioncross-sectionofσi(λ)andanumber-density
ofρi(s).
1ThischapterhasbeenpartialypresentedinSadeghietal.[2012b].
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Iftheabsorptioncross-sectionsdonotvaryalongthelight-path,thetotalamountoftheab-
sorberperunitareaintegratedalongthelight-paththroughtheatmospherecanbedefinedasthe
slantcolumndensity,SCi,whichhastheunitof[moleculescm−2]:
SCi= ρi(s)ds (3.3)
Afterincorporationoftheslantcolumndensity,Eq.3.2ismodifiedasfolows:
τ(λ)=lnI0(λ)I(λ)=
N
i=1
σi(λ)SCi+σR(λ)SCR+σM(λ)SCM (3.4)
withSCibeingtheslantcolumndensityoftheithtracegas;andSCRandSCM beingthe
slantcolumndensitiesofRayleighandMiescatering,respectively.Theabsorptioncross-section
foranyspecificspeciescanbesplitintotwocomponents,oneslowly-varyingwiththewavelength,
σsi(λ),andtheotherrapidly-varying,σi(λ),caleddiferentialcross-section:
σi(λ)=σi(λ)+σsi(λ) (3.5)
Figure3.1:Thisfigureshowshowagivenabsorptioncross-section(hereforNO2)issplitinto
slowly-varyingandrapidly-varying(ordiferential)components.Diferentialabsorption
cross-section(blue)ofNO2hasbeencomputedbysubtractingafitedpolynomial(green)
fromtheoriginalabsorptioncross-section(red).
Theslowly-andrapidly-varyingspectralcomponentscanbecalculatedbyseveralseparation
techniques,forexamplebysubtractionofafitedpolynomial,whichisequivalenttohigh-pass
filtering.AsshowninFig.3.1,bysubtractingalow-orderpolynomial,theslowly-varyingspectral
componentcanberemoved,resultinginthediferentialcross-section.Theseparationofcross-
sections,isappliedtoEq.3.4,wheretheright-handsideoftheequationissplitintorapidly-
varyingandslowly-varyingparts.Furthermore,sinceRayleighandMiescateringefficiencies
exhibitslow-varyingwavelengthdependence(asfolows):
σR(λ)∝λ−4 (3.6)
σM(λ)∝λ−κ;κ=0..2 (3.7)
thelasttwotermsinEq.3.4,corespondingtoRayleighandMiescatering,contributetothe
slowly-varyingcomponent.Accordingly,Eq.3.4canberewritenas:
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τ(λ)=lnI0(λ)I(λ)=
N
i=1
σi(λ)SCi
rapidlyvarying
+
N
i=1
σsi(λ)SCi+σR(λ)SCR+σM(λ)SCM
slowlyvarying
(3.8)
Now,assumingthatthereisalow-orderpolynomial,denotedby bpλp,coveringtheslowly-
varyingpartofEq.3.8,thisequationcanbemodifiedagaininthefolowingmanner:
τ(λ)=lnIo(λ)I(λ)=
N
i=1
σi(λ)SCi+
M
p=0
bpλp (3.9)
ThisisthebasicequationtoestablishtheDOASretrievalmethod. Theradiationspectra,
I0andI,aremeasuredbythesatelitesensor(orground-basedinstruments)andtheabsorption
cross-sectionsoftracegases,σi(λ),aremeasuredinthelaboratoryandthentheirdiferentialparts
areextracted.Theleast-squareoptimizationmethodisusedtofittheparametersassignedto
theslantcolumndensities,SCiandthepolynomialcoefficients,bp.Themainunderlyingidea
inthisoptimizationapproachistofittheparametersSCiandbp,inaccordancewiththedemand
ofminimizingtheresiduals.Therefore,theDOASretrievalmethodcanbeintroducedbythis
expression:
τ(λ)−
N
i=1
σi(λ)SCi−ρ(λ)Sr−
M
p=0
bpλp
2
→min (3.10)
TheDOASequationshouldalsoaccountforthe(inelastic)rotationalRamanscateringbythe
airmolecules,becausethisphenomenon,caledasRingefect,hasafiling-inimpactonFraun-
hoferlinesintheUV/visibleranges[Bussemer,1993;Burowsetal.,1996].Inthisway,the
weakeningefectoftheRamanscateringonthemeasuredabsorptionlinesiscompensatedand
theabsorptionlinesoftracegases,thosewithoverlappingbandsintheRingspectraldomain,are
corected[Vountasetal.,1998;Wagneretal.,2001].Therefore,anewterm,Srρ(λ),hasbeen
addedtotheDOASequation,accountingforthespectralimpactoftheRingefect,whichisre-
feredtoasapseudo-absorber.ToincorporatetheRingefectintotheDOASretrieval,aunitless
spectralreferenceoftheRing,ρ(λ),hasbeencomputedbyamethoddevelopedbyVountasetal.
[1998],basedonmodelingofradiativetransfer.Intheaboveequation,ρ(λ)corespondstothe
diferentialpartoftheRingspectrum.TheassociatedcoefficientwithinthetermoftheRingefect,
i.e.,Sr,iscaledtheRingfit-factor,whichlikethespectralsignatureofRingefectisunitless.
3.2 FromDOAStoPhytoDOAS
PhytoDOASwasbornfolowingtheapplicationoftheDOASmethodtotheretrievalofoceanic
phytoplankton,thelivinglight-absorbingparticlesoftheocean.Theunderlyingideaisthatthe
backscateredlightfromtheoceanintotheatmosphere(andhence,tothesatelitesensor)caries
someinformationfromwateranditsopticalconstituents.ThemethodwasestablishedbyVountas
etal.[2007]forremoteidentificationoftotalphytoplanktonchl-aandthenimprovedbyBracher
etal.[2009]toidentifydiatomsandcyanobacteriaincase-1watersusinghyperspectralsatelite
data.Suchanextensiondemandstheincorporationofalopticalcomponentsoftheseawater
intotheDOASequation,basedonathepriorknowledgeoftheopticalbehaviorofthemaincon-
stituents.Inadditiontophytoplankton,themainopticalcomponentsofcase-1waters,thetarget
areaofthemethod,areCDOM,non-algalparticulates,absorptionofwatermolecules[Gordon
etal.,1975;Kirk,1994]andVRSofliquidwater[Vasilkovetal.,2002;Vountasetal.,2003].
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TheabsorptionofCDOMhasaspectralysmoothbehavior[Bricaudetal.,1981;Carder
etal.,1989],andthereforearecoveredwelbythefitedpolynomialintheDOASequation.
Thesameholdfortheabsorptionandscateringofthenon-algalparticulates[Alalietal.,1995;
Mitcheletal.,2003].Theabsorptionefectofwatermoleculescanberegardedasafixedspectral
background,whichcanberemovedfromthemainDOASfitbyfirstapplyingthemethodtoa
phytoplankton-depletedoceanicregion,so-caledhyper-oligotrophic;(thisinitialrunwilremove
someinstrumentalartifactsaswel).AccordingtoVountasetal.[2003,2007]backscaterradiation
detectedbytheSCIAMACHYsensorcariesthespectralfootprintofinelasticscatering,VRS,
ofwatermolecules.ByembeddingthespectralsignatureofVRS,v(λ),asapseudo-absorber
intotheDOASequation,DOASmethodshowsaquantitativeaccountoftheVRS’spectralimpact
aswel.ItwasshowninVountasetal.[2007]thatthereisastrongrelationbetweenVRSand
light-penetrationdepth,suggestingtheformertobeusedasaproxyforquantitativeestimationof
thelater.Therefore,toextendtheDOASforretrievingthechl-aconcentrationofaPFT,theVRS
referencespectrummustbeinparalelfited(asapseudo-absorber)totheUVrange,whichisthen
usedtocomputethelight-penetrationdepthforeachsatelitegroundpixel.Finaly,toextendthe
DOASequation(Eq.3.10)totheaquaticmedium,theabsorptionspectrumoftargetPFThasto
beconsidered.Now,embeddingthetwonewtermsrepresentingthePFTabsorptionspectrumand
theVRSreferencespectrum,therelevantequationforPhytoDOASisachievedasfolows:
τ(λ)−
N
i=1
σi(λ)SCi−ρ(λ)Sr−a(λ)Sa−v(λ)Sv−
M
p=0
bpλp
2
→min (3.11)
witha(λ)beingthediferentialpartofspecificabsorptionspectrumoftargetPFT(absorption
spectrumofthePFTsamplenormalizedbyitsmeasuredchl-aconcentration)in[m2(mgchla)−1];
Sabeingthefit-factorofthePFTabsorptionspectrumin[mgchlam−2];v(λ)beingthediferen-
tialpartoftheVRSspectrum,whichwasobtainedfromareflectancemodeldevelopedbyVountas
etal.[2003],originalyproposedbySathyendranathandPlat[1998];andSvbeingthefit-factor
assignedtotheVRSspectrum.Itmustbenotedthatsincea(λ)isnotanabsorptioncross-section,
theabsorptionfit-factor,Sa,hasadiferentinterpretationthaninslant-columndensity.ThePFT
absorptionfit-factorimpliesthemassperunitareaofchl-apigmentassignedtothetargetPFT
alongthelight-path.However,asthespectralsignatureofVRSisunitless[Vountasetal.,2007],
theVRSfit-factor,Sv,isunitlessaswel,similartothefit-factoroftheotherpseudo-absorber,
i.e.,oftheRingspectrum.
ThemainoutputsofPhytoDOASareSaandSv,whichareretrievedindependentlythrough
twoseparatefitingprocedures.TheVRSspectralfeaturesareweakinthevisible,becauseinthis
partofthespectrumnotonlytheabsorptionimpactsofphytoplanktonandwatermoleculesare
dominated,butalsotheRingspectralefectismuchhigherthanVRS.Therefore,asecondfiting
isperformedintheUVtoevaluatetheVRSfit-factor,theresultofwhichisthenextrapolatedto
thevisibleforestimatingthepath-lengthoflightinthewaterbody[Bartletetal.,1998;Vountas
etal.,2007].
RegardingthePhytoDOASequation(Eq.3.11),threesetsofinputdataareneededtoperform
thismethod,beingasfolows:
1.satelitemeasurements,i.e.,extraterestrialsolarradiation,I0(λ),andEarth’sbackscatered
radiation,I(λ)thatarebothmeasuredbythesatelitesensoratthetopoftheatmosphere
andareembeddedintotheopticaldepth,throughτ(λ)=lnI0(λ)I(λ);
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2.atmosphericspectra,i.e.,theabsorptioncross-sectionsofthewatervapor,tracegasesand
spectralsignatureoftheRingefect;
3.aquaticspectra,i.e.,thespecificabsorptionspectrumoftargetPFTandthespectralsignature
ofVRS.
Inthisstudy,wehaveachievedfurtherimprovementtoPhytoDOASbysimultaneouslyfiting
threeselectedPFTtargetsratherthanjustasinglePFTtarget.Wewilrefertothisnewapproach
asmulti-targetfit(seesec.3.4).
Vountasetal.[2007]showedthatthelight-penetrationdepth,δ,canbedeterminedusingthe
VRSfit-factor.Forwatermolecules,asingleeventofelasticscateringisalwaysaccompanied
byaninelasticscateringofVRS.Therefore,theVRSfit-factor,Sv,isdirectlyrelatedtothe
samequantityofelasticscateringofwatermolecules,whichisdescribedbythebackscatering
coefficient,bb.ThequantitativedependencewaspreviouslyextractedinVountasetal.[2003]
usingabio-opticalmodelfromMorel[1988],statingthatthebackscateringcoefficientscaledby
theVRSfit-factor,Sv,canberegardedasthetruevalueofbbintheobservedsituation.Therefore,
asb−1b isthemodeledlight-penetrationdepth,Sv·b−1b wilbetheequivalentobservedquantity.Here,thelight-penetrationdepth,denotedbyδ,referstothedepthoftheremotelyobservedwater
column,uptowhichthesignalcanbereceivedbysatelitesensor.
AsexplainedinVountasetal.[2007]andBracheretal.[2009],thechl-aconcentrationofthe
targetPFTcanbeestimatedfromthePFTabsorptionfit-factor,Sa,determinedviaPhytoDOAS.
ThisisdoneforalgroundpixelsthroughdividingSabythelight-penetrationdepthandcanbe
writenasfolows:
C=Saδ (3.12)
whereCisthechl-aconcentrationofthetargetPFTin[mgm−3].
InPhytoDOAS(asinDOAS),theoveralChi-squarevalue,χ2,isusedasascalarindicator
ofthetotalfit-quality.Furthermore,thefitspectrumoftheretrievaltargetiscomparedwithits
originalspectrumforeachoceanicpixeltocheckthefit-quality. However,asinanyotherre-
trievalmethod,themostreliableapproachtoinvestigatethequalityofPhytoDOASretrievalisthe
validationwithhighqualityin-situPFTdata.Itshouldbenotedthat,whileoceancolorobser-
vationsingeneralcoveronlythesurfacewaters,thePhytoDOASretrievalresultsaretheaverage
valueoverthelightpathobservedbythesatelite.However,thesignalmeasuredbythesatelite
isnotweightedequalybythediferentdepthsandthesurfaceconcentrationsaredominatingthe
retrievedvalues.
3.3 MaterialandData
3.3.1 Satelitedata:SCIAMACHY
Asmentionedbefore,duetospectralcorelationofphytoplanktonabsorptionfeatures,satelite
datausedinPhytoDOASmustbehighlyspectralyresolved. Tomeetthisrequirement,data
measuredbythesatelitesensorSCIAMACHY.Tokeepthelogicalflowofthechapter,more
informationabouttheSCIAMACHYsensor,asthemaindataproviderofPhytoDOAS,isgivenat
theendofthischapter(sec.3.5).
Inthisstudy,theSCIAMACHYdataintheUVandvisibleregions,fromnadir-viewingge-
ometry(seesec.3.5.3)withaspectralresolutionof0.24nmto0.48nm,havebeenused.These
datacorespondtobackscatersolarradiationfromtheEarth’ssurface,withaspatialresolutionof
about30km×60km,whichdefinesthepixel-sizeinthiswavelengthregion.Eachgroundpixel
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dataisassociatedwithadirectmeasurementofsolarradiationatthetopoftheatmosphereinthe
samewavelengthregion,tobeusedlaterintheretrievalastheunatenuatedradiation,I0(seeEq.
3.9). WithinPhytoDOAS,SCIAMACHYdataareusedinthetwofolowingsteps:First,SCIA-
MACHYvisibledataareusedtofittheabsorptionspectrumoftargetPFTwithinthewavelength
rangeof429to495nminthestudybyBracheretal.[2009]andextendedupto521nminthis
study,leadingtoPFTabsorptionfit-factors;secondly,SCIAMACHYdatafrom340to385nmare
exploitedtofittheVRSspectralsignatureofwatermolecules,leadingtoVRSfit-factors,which
arenecessaryforthecalculationofthelightpenetrationdepthforeachoceanicpixel(seeprevious
section).
3.3.2 Spectraldata
Inadditiontohyperspectralsateliteradiationmeasurements,thePhytoDOASretrievalrequires
referencespectraofatmosphericandoceanicspecies.Foratmosphericspectra,absorptioncross-
sectionsofozone,NO2,glyoxal(OCHCHO),iodineoxide,O4,watervaporandtheRingefect
(asapseudo-absorberspectrum)arefited,usingthesamespectraasweretakeninBracheretal.
[2009]. ThesecondsetofinputparametersincludesthespectralsignatureofVRS,obtained
throughamodelingapproach[Vountasetal.,2003,2007]andtheabsorptionspectraofPFTs.It
mustbementionedthatasE.huxleyiisthedominantspeciesofthecoccolithophores,ithasbeen
usedinthisstudyasthespectralindicatorofthisPFTtarget.Thephytoplanktonabsorptionspectra
usedinthisstudywereacquiredfromanE.huxleyicultureandanaturalsample,wherethegroup
ofdinoflagelatesdominated.Bothsamplesweremeasuredwithapoint-sourceintegrating-cavity
absorptionmeter,so-caledPSICAM[Roetgersetal.,2007].Totalchl-aconcentrationsofthe
E.huxleyicultureandofalpigmentsforthenaturaldinoflagelatesamplewereobtainedfrom
high-performanceliquidchromatography(HPLC)folowingthemethoddescribedbyHofmann
etal.[2006].Thedinoflagelate-dominatedsamplewastakenduringtheOOMPHfieldexperiment
(OrganicsovertheOceanModifyingParticlesinbothHemispheres)withRVMarionDufresneon
2February2007,at59.88◦Wand46.01◦S,withinadinoflagelatebloom.PerformingtheCHEM-
TAXanalysis[Mackeyetal.,1996]ontheHPLCdataofthenaturalsample,thechl-aconcentra-
tionsofalcontainingphytoplanktongroupswerecalculated,whichindicatedacontributionover
92%forthedinoflagelates.Therestofthesampleconsistedof5%pelagophyceaeandlessthan
3%ofprasinophyceae(furtherdetailsinYassaaetal.[2008]).Toderivethespecificabsorption
spectraofeachphytoplanktongroup,eachabsorptionspectrumwasdividedbythecoresponding
chl-aconcentration(normalization).Additionaly,asthethirdphytoplanktonreferencespectrum,
theabsorptionspectrumofdiatomswasacquiredfromthein-situmeasurementsconductedduring
across-Atlanticresearchcruise.Theprocesstoreachthespecificabsorptionspectrumofdiatoms
wasthesameastheoneexplainedfordinoflagelates(fordetailsseeBracheretal.[2009]).
Figure3.2(leftpanel)showsthespecificabsorptionspectraofthethreePFTsusedasthe
retrievaltargetsinthisstudy,i.e.,forE.huxleyi,dinoflagelatesanddiatoms.Fromthesemea-
suredspectra,thecorespondingdiferentialabsorptionspectrahavebeenderived,basedonthe
spectralapproachdescribedinsection3.1.Thediferentialabsorptionspectrafortheselected
phytoplanktontargetsaredepictedintherightpanel.
3.4 ImprovementstoPhytoDOAS:chalengesandapproaches
FolowingthemethoddevelopedbyBracheretal.[2009],besidescyanobacteriaanddiatoms,
moremajorPFTs(ordominantspeciesofaPFT)areexpectedtoberetrieved.Nevertheless,there
aresomechalengestobeovercomeinordertoimprovePhytoDOASasareliableretrievaltool
forotherPFTs(ordominantspecies).Themainchalengeisthespectralcorelationbetween
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Figure3.2:Leftpanel:specificabsorptionspectraofE.huxleyi(green),dinoflagelates(red)
anddiatoms(blue).Thespectrawereobtainedfromacultureandnaturalsamples,re-
spectively,usingapoint-sourceintegrating-cavityabsorptionmeter.Thelaterspectrum
wastakenfromBracheretal.[2009].Rightpanel:diferentialabsorptionspectraofthree
phytoplanktontargets.Eachofthemwasderivedbysubtractingasecondorderpoly-
nomialfromthecorespondingspecificabsorptionspectrum,whichisshownintheleft
panel.
absorptionspectraofdiferentphytoplanktontargets,whicharisesfromtheircommonphotosyn-
theticpigmentsandcauseinturndifficultiestodistinguishdiferentgroupsremotely.Table3.1
indicatesthecorelationcoefficientsbetweenspecificabsorptionspectraoffivemajorPFTs,cal-
culatedforalavailablepairsbasedonSpearman’sRankCorelationoverdiferentwavelength
windows(theoutputiscommentedlaterinthissection). Withregardtotheshortageofin-situ
PFTdataanddifficultiesofcolocatingthemwithsatelitepixels,thesecondimportantchalenge
isfindingsolutionstotesttheprincipalfunctionalityofthemodifiedmethodandalsofindingap-
propriatedatasourcesforcomparingtheretrievalswith(seechapter4fortheutilizedsolutions
anddatasources).
Withrespecttothemainchalenge,someapproacheshavebeenappliedduringthestudyto
overcomethecorelationefectsexistingamongtypicalPFTs’absorptionspectra.Firstly,in-
vestigationsprovedthatfitingseveralPFTspectraltargetssimultaneously,withinanappropriate
fit-window,leadstohigherfit-qualityascomparedtofitonlyonePFTspectrumatthetime.This
approach,caledmulti-targetfit,resultsinsignificantlylowervaluesfortheabsorptionfit-factors
ofeachtarget,comparedtotheusualapproachofsingle-targetfit.Thisisofimportance,because
highfit-factorsinPhytoDOASleadtoanoverestimationofthePFTconcentration.Thiscanbe
explainedbythefactthatwhenthree(ormore)PFTtargetsarefitedsimultaneously,thephy-
toplanktonspectralinputofthePhytoDOASequationbecomesbio-opticalymorerealistic;i.e.,
inthiscasePhytoDOASaccountsformoreopticalcomponentsoftheoceanwater,whereusu-
alyseveraltypesofphytoplanktonspecieslivesimultaneously.Comparably,whenweomitsome
tracegasesfromourDOASretrieval,theretrievalresultsoftheothersareafected,andthiswas
testedwithPhytoDOASformoreconfidence,leadingtotheexpectedfeatures.
RegardingthePhytoDOASequation(Eq.3.11),themulti-targetfitrequiresthattheterm
ofPFTabsorption,a(λ)Sa,isreplacedbyamultipletermincludingtheabsorptionspectraof
selectedPFTs, 3j=1aj(λ)Saj,whichassignsaspecificabsorptionfit-factortoeachPFTtarget.Therefore,theimprovedPhytoDOAScanbewritenas:
τ(λ)−
N
i=1
σi(λ)SCi−ρ(λ)Sr−
3
j=1
aj(λ)Saj−v(λ)Sv−
M
p=0
bpλp
2
→min (3.13)
Fig.3.3showsthediferencesintheresultingfit-factormaps,whichhavebeenobtained
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forcoccolithophoresbyimplementingsingle-targetandmulti-targetfitmodesofPhytoDOAS.
Thetriple-targetfitusedhereincludesE.huxleyi,asthedominantspeciesofcoccolithophores,
togetherwithdiatomsanddinoflagelates.Thetriple-targetfitresults(Fig.3.3lowerpanel)are
characterizedbylowervaluesoffit-factors,almostoverthewholeglobalocean,ascomparedto
thesingle-targetfitresults(Fig.3.3upperpanel).
Figure3.3:Globalfit-factormaps[mg m−2]forcoccolithophoresinMarch2005,obtained
bysingle-targetfit(upperpanel)andtriple-targetfit(lowerpanel)modesofPhytoDOAS
usingSCIAMACHYdata.
Thenewresultsareverifiedbylookingatthefitresiduals,asameasureofthefit-quality,
representedbytheaveragevalueofChi-square(χ2)foralaccountingpixels.Sincethelower
residualcorespondstothemorereliablefit,theloweraverageofχ2valuesinthetriple-target
fits,comparedtothesingle-targetfits,impliestheprivilegeofthetriple-targetfits.Inthesample
fit-factormapsshowninFig.3.3,theaverageχ2valuesforthetriple-targetandsingle-target
fitsare0.00039and0.00052,respectively.Thisimprovementcanbeseenintheplotsofoveral
residualscorespondingtothediferentmodesofPhytoDOASoperation(seeFig.3.4)orinthe
singleplotsofthefitedspecificabsorptionspectraforselectedgroundpixels(seeFig.3.5).
Fig.3.4comparesfitqualitiesofdiferentPhytoDOASretrievalswhenbeingperformedin
thesingle-targetfitmodeandinmulti-targetmode,usingtheoveralfitresiduals.Itcanbeseen
thattheoveralresidualforthesingle-targetfitofdiatoms,almostoverthewholefit-window,is
higherthanitsoveralresidualsforthetriple-targetfit.Furthermore,regardingtheDOASmethod,
thisfigurealsoindicatesthatwhenspectralcontributionofphytoplanktonabsorptionistakeninto
accountbyDOASretrieval(overtheocean),thefit-qualitywilbeclearlybeter;thiscanbe
infered,inthisfigure,fromthesignificantlyhigherresidualoftheretrievalwhennoPFTtarget
isaccountedfor.Figure3.5ilustratesthefitedspectraofthespecificabsorptionsforthetarget
PFTs,usedinthePhytoDOAStriple-targetmode,associatedwithrespectivefitresiduals.
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Figure3.4:TheimprovementtoPhytoDOASwasperformedbysimultaneousfitoftheab-
sorptionspectraofselectedphytoplanktontargetsinanappropriatewavelengthwindow.
ThisfigurecomparestheoveralresidualsofPhytoDOASretrievalsinthreediferentfit-
modes:withoutanyPFTtarget(blue),onlywiththediatomsabs.spectrum(red)and
withtheabs.spectraofthreeselectedPFTs(green).Althreeresidualspectrahavebeen
obtainedviaconsecutiverunsofDOASforthesameSCIAMACHYorbit,passingover
NorthAtlantic(1.07.2005).Asampleground-pixelofthisorbithasbeentakentoplotthe
residuals,whichcorespondstothepixel-centerlocatedat54.51◦Nand21.47◦W.
Figure3.5:SampleresultofthespecificabsorptionspectrafitedthroughthePhytoDOAS
triple-targetmodewithinthefit-windowof429to521nmE.huxleyi(upperleftpanel),
diatoms(upperrightpanel)anddinoflagelates(lowerpanel).ThePFTtarget,thedate,
theorbitnumberandtheground-pixelnumber(GPN)ofeachretrievalareilustratedon
thecorespondingsubplot.
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Afterimplementingthismodification(triple-targetfit),theoutputresultsareinabeteragree-
mentwiththeotheravailabledatasources,suchasPFTmodeleddataacquiredfromtheNASA
OceanBiochemicalModel(NOBM,Greggetal.[2003];GreggandCasey[2007])orcertaintypes
ofsatelite-deriveddataproducts,linkedtothetargetPFTs(e.g.,PICproductasanindicatorof
coccolithophores).However,duetothelimitationsimposedbythespectralcorelation(seeTable
3.1),itisnecessarytodetermineandoptimizesomefactorswhenrunningamulti-targetfit,inor-
dertoreceiveanacceptablefit-quality:theretrievalshouldbeoptimizedbyidentifyinghowmany
PFTtargets,inwhichcombinationandwithinwhichwavelengthwindowarefitedsimultaneously.
Tomeettheserequirements,theanalysisofspecificabsorptionspectrawasdoneintwodifer-
entways.Thefirstapproach,wasbasedonthedefinitionoflinearindependenceinlinearalgebra
andtheorthogonalityconditionforavectorspace.Moreprecisely,anumberofvectorsofthesame
dimensions(let’stakeasVi,withi=1,2,..,n)arelinearlyindependentifforeachpairofthem
thescalarproductisequaltozero,whichmeansthattheyareal mutualyorthogonalandcould
beregardedasabasisforthevectorspace.Thisconditioncanbemathematicalydemonstratedas
folows:
Vi·Vj=
n
k=1
VikVjk=0 (3.14)
However,whathappensiftwovectorsarenotlinearlyindependent?Simply,thevectorsarenot
orthogonal,rathertheyarecorelated;themoretheyarecorelated,themorewilbetheamount
oftheirscalarproduct.Regardingtheabsorptionspectra(overthesamewavelengthrangewith
thesamegridingintervals)asdiferentvectorsofthesamedimension(let’stakeAi,withi=
1,2,..,n),theconceptoflineardependencecanbeusedforquantifyingtheexistingcorelations.
Knowingthatthecorelationsdoexist,itcanbearguedthatoveraspecificwavelengthwindow,a
setofvectors(amongseveralvectors)arelesscorelatedifthesummationoftheirmutuallinear
productsislessthantherespectivesummationsoftheothersets.Therefore,takingeachspecific
absorptionspectrumasavector,thefolowingquantityshouldbecomputedandcomparedforal
availablesetsofPFTs,withcertainnumberofelements:
3
i,j=1
Ai·Aj=
3
i,j=1
n
k=1
AikAjk (3.15)
whereAiandAjarethenormalizedabsorptionvectors(i= j),beingnormalizedtothe
lengthofvectors.Assumingaiasthevectorformofagivenspecificabsorptionspectrum,being
normalizationtothevector’slengthmeansthat: Ai=aiai.Additionaly,withrespecttotheefficiencyofthetriple-targetfit(achievedbyperformingχ2
tests),herethetotalnumberofabsorptionvectorshasbeensettothree;i.e.,theabovequantityis
calculatedfor3-elementsetsamongmajorPFTs(furtherexplanationsaregivenbelow).
ThequantityintroducedbyEq.3.15hasbeencalculatedforfivemajorphytoplanktongroups:
diatoms,dinoflagelates,coccolithophores(E.huxleyi),cyanobacteriaandPhaeocystis.There-
sultingvalues,computedfordiferentwavelengthwindows,arepresentedinTable3.2.Despite
Table3.1,whichquantifiesthehighcorelationsbetweenphytoplanktonabsorptionspectra,more
informationcanbeextractedfromTable3.2,theoutlineofwhichcanbedescribedasfolows:
thelinearindependence,asexpected,isdiferentforvarioussetsofPFTs’absorptionspectrafor
agivenwavelengthrange;italsovarieswiththeoperationalwavelengthfit-windows,indicating
adecreasewithwideningthefit-window.However,itdoesnotmeanthatthewiderfit-window
(implyinglowerdependency)wouldprovideusabeterfitquality.Inpractice,byenlargingthe
fitwindow,thespectraloverlapsofotheropticalcomponentsofseawater(e.g.,watermolecules)
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Table3.1:Corelationcoefficientsbetweenspecificabsorptionspectraofmajorphytoplankton
speciesbasedonSpearman’srankcorelationfordiferentwavelength-windows.
Diat/ Diat/ Diat/ Diat/ Dino/ Dino/ Dino/ Emil/ Emil/ Cyan/
λ(nm) Dino. Emil. Cyan.Phae. Emil. Cyan.Phae. Cyan.Phae.Phae.
428-5600.99990.9980.946 0.9970.9990.945 0.9970.941 0.9990.940
428-5500.99990.9980.965 0.9960.9980.965 0.9970.960 0.9990.958
428-5400.99990.9970.987 0.9950.9980.986 0.9960.980 0.9990.977
428-5300.99990.9970.989 0.9940.9970.988 0.9940.980 0.9990.977
428-5220.99990.9960.986 0.9920.9960.985 0.9930.975 0.9980.971
428-5100.99980.9930.980 0.9880.9950.978 0.9890.963 0.9970.957
428-5000.99970.9900.970 0.9830.9920.967 0.9840.945 0.9960.936
428-4960.99970.9890.965 0.9790.9910.961 0.9810.935 0.9950.925
428-4900.99950.9850.954 0.9730.9880.949 0.9750.915 0.9940.902
428-4860.99940.9820.944 0.9670.9850.939 0.9700.897 0.9930.881
Table3.2:Summationofscalarproductsofspecificabsorptionspectraforal3-elementsets
ofmajorphytoplanktonspeciesfordiferentwavelength-windows.
Diat/ Diat/ Diat/ Diat/ Diat/ Diat/ Dino/ Dino/ Dino/ Emil/
Dino/ Dino/ Dino/ Emil/ Emil/ Cyan/ Emil/ Emil/ Cyan/ Cyan/
λ(nm) Emil. Cyan. Phae. Cyan. Phae. Phae. Cyan. Phae. Phae. Phae.
428-5600.03170.03310.03150.03200.03050.03190.03230.03080.03220.0311
428-5500.03400.03540.03380.03420.03270.03410.03460.03310.03440.0333
428-5400.03660.03780.03630.03670.03530.03640.03710.03560.03680.0357
428-5300.03950.04060.03910.03950.03810.03910.03990.03840.03950.0384
428-5220.04200.04310.04150.04200.04050.04150.04250.04090.04190.0409
428-5100.04620.04710.04550.04620.04460.04550.04670.04510.04600.0451
428-5000.05000.05070.04910.04990.04840.04900.05040.04890.04950.0488
428-4960.05160.05210.05060.05140.04990.05050.05190.05050.05100.0503
428-4900.05380.05420.05280.05350.05220.05250.05410.05280.05310.0525
428-4860.05720.05740.05610.05690.05560.05580.05740.05610.05630.0557
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wilalsobeincreased.Additionaly,duetothetechnicallimitations,itismucheasiertopreserve
thefit-windownottwowide,tobeconfinedwithinasinglewavelengthclusterofthesensor.For
instance,thesensorhasdiferentintegrationtimes(incolectingdata)foritsdiferentwavelength
bands,leadingtoquitediferentground-pixelsizes,whichisalsothereasonthatalfit-windows
startfrom428nmandendat523nm,beingconfinedtocluster#15ofchannel#3.Thisleads
tofindingacompromisebetweenthementionedefectsandthefactorofspectralindependence,
asanoptimizedfit-window.Thefinalrangeoffit-windowisalsodependentonthespectralbe-
havioroftheselectedsetofPFTs,whichneedsamorepreciseanalysisoftherespectivespectra
tobedone(explainedasthesecondapproachinfolowingparagraphs).Conversely,reducingthe
widthofthefit-window,causesthelossofinformationonthespectralvariationsintheabsorption
targets,whoseexistenceisvitalforfunctioningtheretrievalprocess.
Ontheotherhand,incomparingthequantitiesofEq.3.15todecideaboutthebestsetof
PFTsforsimultaneousfit(foragivenwavelengthwindow),tworestrictionsshouldbeconsidered:
firstly,whenthevaluesarecomparable,thepreferencewouldbetowardthesetofPFTswhoare
moreabundantintheglobaloceanandalsoexistingtogetherorsucceedingeachotherinthesame
regions;secondly,ascyanobacteriahaveaspectralsignaturedistinguishablefromtheothers,they
canbeexcludedfromthefinalsettoberetrievedviathePhytoDOASsingle-targetmode(thiscan
bealsojustifiedbecausecyanobacteriaareoftenfavoredintheoceanichabitatswheretheother
speciesarenotsoabundant.Seesec.4.1.4formoredetails).Overal,thesetofPFTsforperform-
ingthesimultaneousretrievalprocess(viathePhytoDOAStriple-targetfit)hasbeenselectedtobe
consistofdiatoms,coccolithophoresanddinoflagelates.Theappropriatefit-windowforretriev-
ingtheseabsorptiontargetswerechoseninconjunctionwiththeresultsofthederivativespectral
analysis(introducedbelow),leadingtothewavelengthrangeof429to521nm.However,toreach
thefinalsetofPFTsandtheoptimizedfit-window,aboveconsiderations(andderivativeanalysis)
wereassociatedwithtestingseveralotherpossibleoptions,controledbytheχ2threshold.As
aconsequence,regardingTable3.2,thefactorintroducedforthespectralindependence,shows
significantlylowervaluefortheselectedfit-window,comparedtothefit-windowusedinBracher
etal.[2009](i.e.,429to495nm).
Asasecondapproach,thespectralbehaviorofPFTs’absorptionspectrahavebeeninves-
tigatedinmoredetail,usingfourth-derivativespectroscopy(accordingtoAguire-Gomezetal.
[2001],whichisawel-knownmethodinspectralstudiesofphytoplanktonspecies.Thecore
concepthereisasfolows:inthefourth-derivativecurveofagivenabsorptionspectrum,each
peakcorespondstothemaximumabsorptionforaspecificpigmentatthesamewavelengthpo-
sition.Therefore,thedistributionofpeakpositionsinafourth-derivativecurveisanindicatorof
pigmentcompositionforthatPFT.Fig.3.6showsthefourth-derivativecurvesfortheabsorption
spectraofthreephytoplanktontargets,whichhavebeenfitedsimultaneouslyviaPhytoDOAS.
Thefourth-derivativemethodcanbeusedtoidentifytinydiferencesinPFTs’spectralbehavior.
Thisishelpfultoavoidspectralcorelationsbetweendiferentphytoplanktontargetsandtofind
theappropriatewavelengthwindowtofitthemsimultaneously.AsshowninFig.3.6,thereisa
spectraldiferencebetweentargetspectraintheintervalfrom495to521nm,especialybetween
diatomsandE.huxleyi,forwhichthespectralbehavioraremorealikeinthewavelengthsbe-
low495nm.Practicaly,inthesimultaneousPhytoDOASfit,thespectraldiferencesseeninthe
fourth-derivativecurveshavebeenused(asonecriterion)toselectthesetofPFTtargets,i.e.,the
propercombinationofPFTs,andalsotospecifythewavelengthrangeoftheactualfit-window.
Thisexplainswhyinthisstudyawiderfit-window(429to521nm)hasbeenusedthaninBracher
etal.[2009],whichwasfrom429to495nm.
Basedonthefourth-derivativespectroscopy[Aguire-Gomezetal.,2001],thespectralpeak
positionsofthephytoplanktonconstructingpigmentsareassignedtothepeaksofthefourth-
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Figure3.6:FourthderivativecurvesofthespecificabsorptionspectraofthethreePFTsshown
inFig.3.2:diatoms(blue),E.huxleyi(green)anddinoflagelates(red).Thelatercurve
wasscaledto0.1.
Figure3.7:Pigmentcompositionsandtherespectivewavelengthpositionsoffivemajorphy-
toplanktonspeciesderivedfromthefourth-derivativeanalysis.Thepinkvaluesonthe
toprepresenttheconventionalpeakpositionsofthemainplanktonicpigments;thered
valuesareassignedtothepeaks,whowerenotsufficientlypronounced.
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derivativecurveobtainedfromitsabsorptionspectrum.Therefore,comparingtothewel-known
absorptionfeaturesofthemainphotosyntheticpigments,thepigmentcompositionofagiven
phytoplanktontypecanberecognized.Fig.3.7indicatestheresultsextractedinthiswayfromthe
absorptionspectraoffivemajorgroupsandspecies.
Altogether,byimplementingtheseapproachesitwasdeterminedsofarthatamongaltested
optionsofPhytoDOASmulti-targetfit(whichwaspreviouslyfoundtohavebeterresultthanthe
single-targetfit),thefolowingconfigurationleadstothebestfit-quality:thePhytoDOAStriple-
targetfitcontainingabsorptionspectraofdiatoms,dinoflagelatesandcoccolithophores(repre-
sentedbyE.huxleyi)overthewavelengthwindowof429to521nm.
Itmustbenotedthatthediatoms’retrievalviatheimprovedPhytoDOASareverysimilartothe
onesachievedbeforeinBracheretal.[2009]usingthesingle-targetmodewithinthefit-window
of429to495nm(bothindistributionpaternsandmagnitudesofchl-a).Theminordiferences
canbeassignedtothewideningoffit-windowupto521nmandalsotothefactthattwomore
PFTspectraltargetshavebeenaddedintothefit.Itseemsthattheincreasingefectofthewider
fit-windowiscompensatedbythedecreasingefectofthesimultaneousfit.
Itshouldalsobeemphasizedthatindiferentstepswithintheprocessofmethodimprovement,
thefit-qualityoftheretrievalshavebeeninvestigatedbythefolowingmean:
•comparisonoftheoveralaveragedChi-squarevaluesofthediferentfitresults,
•comparisonofthefitabsorptionspectrawiththeinputspectraforselectedpixels,
•comparisonwithavailablesatelite-derivedproductsinterconnectedtotargetPFTsandalso
availablePFTs’modeleddata.
Ofcoursethemostreliablecriterioniscomparisonoftheresultswithavailablehighquality
in-situmeasurements.However,thisdemandcouldnotalwaysbeachieved,whichismainlydueto
thelimitedavailabilityofthePFTs’in-situdata,onaglobalscale.Secondly,therearedifficulties
associatedwiththecolocatingofsatelitegroundpixelstotheexistingin-situdatapoints,asa
consequenceofthefirstpointandalsothelargepixelsizeofSCIAMACHY(detailsareexplained
inchapter4).
3.5 SCIAMACHYsensor,thedataproviderofPhytoDOAS
3.5.1 Generaloverview
SCIAMACHY(ScanningImagingAbsorptionSpectrometerforAtmosphericChartography)is
oneofthe10remotesensingsensorsonboardENVISAT(ENVIronmentalSATelite)ofEuropean
SpaceAgency,ESA,launchedin2002.2ENVISATisapolar,sun-synchronoussatelite,flyingat
themeanaltitudeof779.8kmwiththeorbitalperiodof100.6minutesandtherepeatcycleof35
days(501orbits).SCIAMACHYalongwithtwoothersensors,MIPASandGOMOS,performs
themissionofatmosphericchemistryforENVISAT.ThemainobjectiveoftheSCIAMACHYin-
strumentisthequantitativedeterminationoftheatmosphericconstituents(e.g.,absorbers,clouds,
etc.)onaglobalscalewithimprovedtemporalandspatialcoverages.Thisispartoftheefortsto
expandourknowledgeonthephysicsandchemistryofthewholeatmosphere.Adetailedexpla-
nationoftheSCIAMACHYmissionobjectivesisgivenbyBovensmannetal.[1999];Nöeletal.
2ThecontentsofthissubsectionhavebeenadaptedfromarecentbookonSCIAMACHYbyGotwaldandBovens-
mann[2011].
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[1999].SCIAMACHYcoversawidewavelengthrangefrom240nmto2380nm,whichmakes
itanidealsensorforthedetectionofaerosolsandclouds,aswelasbeingsuitableforseveral
retrievalmethodsoftracegases.Besidesthelargewavelengthrange,coveringUV/Visible/NIR,
thissensorcanobserveanairvolumefromthreediferentviewinggeometries(nadir,limband
sun/moonoccultation;seesec.3.5.3),leadingtopreciseatmosphericdataonverticalcolumnden-
sitiesandprofileinformation.Furthermore,theinstrumentbenefitsfromarelativelyhighspectral
resolution,rangingfromabout0.2nmto1.5nmforitsscanningchannelsovertherangeof240
to1700nm,andalsoselectedregionsbetween2000nmand2400nm[Bovensmannetal.,1999].
HavingabroadspectralcoverageenablesSCIAMACHYtoinvestigatealargevarietyofatmo-
spherictargets(tracegases,aerosols,etc.)usingtheabsorption,emissionandscateringfeatures
ofthem,appliedindiferentspectroscopicmethods.SCIAMACHYdataproducts,extractedfrom
therawdata,consistofthefolowinglevelsintheorderofprocessing:
1.level-0data:instrumentsourcepacketsascolectedfromthesensor,withsmalheaders
atachedtothematthereceivingstations.
2.level-1bdata:geolocatedproductsinphysicalorengineeringunits,generatedbyapplying
certainalgorithms,calibrationandauxiliarydataonthelevel-0data.
3.level-2data:finalgeophysicalparametersextractedfromthegeolocatedlevel-1bproducts,
byapplyingfurtheralgorithmsonthem.
3.5.2 Spectralcharacteristics:channelsandresolutions
TheSCIAMACHYsensorisangratingspectrometercoveringthespectralrangefrom214nmin
theUVto2380nminthenear-IR,withmoderatetohighspectralresolution.Thewavelength
rangeisdividedintoeightdiferentspectralchannelswithdiferentretrievalapplications.The
spectralresolutionofSCIAMACHYvariesfrom0.24nmintheUVregionto1.48nminthenear-
IRregionoftheelectromagneticspectrum.Eachspectralchannelcomprisesofseveralwavelength
bands,caledclusters,forwhichtheintegrationtimesforcolectingdataaremainlydiferent
(from0.25secondto1.0second).Table3.3providesanoverviewofthespectralcharacteristics
ofeachchannel.Thisisalsoimportanttonotethatinthenadirviewinggeometry,dependenton
theintegrationtimeoftheclusterunderprocess,thesizeofgroundpixelwilbediferent.For
instance,forcluster#18withtheintegrationtimeof1s,thesizeofgroundpixelisinprinciple
4timesmorethanforcluster#15,withtheintegrationtimeof0.25s.Asmentionedbefore,this
alsolimitedtheselectionofwavelengthwindowto428−523nm,becausethatisthewidthof
cluster#15,whichhastobeusedforthePhytoDOASphytoplanktonfit.Fortheworkpresented
inthisthesis,thelevel-1bdataofchannels#2and#3(clusters#9and#15,respectively)from
thenadirviewing-modehavebeenused.
3.5.3 Spatialcharacteristics:viewinggeometries
Nadirmode: Innadirmode,theSCIAMACHYinstrumentlooksdirectlytowardtheEarth’s
surface,scanningacrossthesatelitetrackbyitsazimuthmiror.Eachnadir-scancontains13
swathsfromlefttorightandback,witheachswathwidthtobeabout960kmacrosstrackand
about30kmalongtrack.Hence,thebestavailablespatialresolutionalongthesatelitetrackis
30km,whilethemaximumresolutionacrosstrackdependsontheintegrationtimesandtherate
ofsensor’data-readout,bothquantitiesvaryingwithspectralchannelandsatelitegeolocation.
However,thebestspatialresolutionacrosstrackis60km.AsSCIAMACHYaltersbetweenlimb
andnadirviewing-modes,inordertoobtaintroposphericandstratosphericinformationofthe
sameground-pixel,theglobalcaseofnadirpixelsislimitedto6daysattheequator.
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Table3.3:AnoverviewofthespectralchannelsofSCIAMACHY.Thelastcolumnincludes
someoftheatmospherictargetsthatareretrievedbydiferentalgorithmswithineachspec-
tralchannel.Foracompletelistoftargets,includingthespecificmethodandfit-window
forretrievingeachtarget,see:GotwaldandBovensmann[2011].
Channel# WLrange(nm) Cluster# Res.(nm) Retrievaltargets
1(UV) 214-334 1-6 0.24 O3,NO,ClO,Metals
2(UV 300-412 7-11 0.26 NO2,O3,SO2,BrO,OClO,
HCHO,CHOCHO
3(VIS) 383-628 12-20 0.44 O3,O4,NO2,IO,Aerosols
4(VIS) 595-812 21-28 0.48 O3,H2O,NO3,Aerosols
5(NIR) 773-1063 29-35 0.54 H2O,ClO,HNO3,Aerosols
6(SWIR) 971-1773 36-47 1.48 CH4,CO2,N2O,H2O,Aerosols
7(SWIR) 1934-2044 48-53 0.22 CO2,H2O
8(SWIR) 2259-2386 54-56 0.26 CO2,H2O,CO
Limbmode: Inlimbmode,theinstrumentlooksalongtheflightdirectionandhorizontalscans
areperformedbytheinstrumentusingitsazimuthmirorindiferenttangentaltitudes(achieved
byanelevationmiror).Startingfromthesurface,30swathsof960kmwidthfromlefttoright
andbackareperformed,coveringaltitudesfrom0to92km.
Figure3.8:ScientificobservationmodesofSCIAMACHY:1=nadir,2=limb,3=occul-
tation.ThepicturewasadaptedfromtherecentSCIAMACHYbook,byGotwaldand
Bovensmann[2011].
Occultationmode: Verysimilartothelimbmeasurement,intheoccultationmodetheinstru-
mentperformsthehorizontalswathswhiletrackingthesunorthemoon(atsunriseand“moon-
rise”),whicharecaledsolaroccultationandmoonoccultation,respectively.Fig.3.8ilustrates
schematicalythethreeviewinggeometriesofSCIAMACHY.
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Chapter4
PFTretrievalsusingthePhytoDOAS
Multi-targetfit
4.1 PhytoDOASmonthlyPFTsincomparisonwithotherproducts:
2005
InthisstudyPhytoDOASwasimprovedtodistinguishremotelymoremajorphytoplanktongroups
usingthehyper-spectraldataoftheSCIAMACHYsensor.Theimprovedmethod,multi-target
fit(sec.3.4),wasappliedtoeightyearsofSCIAMACHYdata(2003to2010)inordertore-
trievetheglobaldistributionsofcoccolithophoresanddinoflagelatesalongwithdiatoms.The
appropriatefit-windowforthissimultaneousfit,429to521nm,wasextractedfromthederiva-
tivespectroscopymethod[Aguire-Gomezetal.,2001],usingthefourth-derivativecurvesofthe
respectingPFTs’specificabsorptionspectra(Fig.3.4). Withthisconfiguration,theaverageval-
uesoftheoveralChi-squarewereminimalandthefitspectrainselectedoceanicpixelswere
ingoodagreementwiththeoriginalPFTs’absorptionspectra.Inthischapterthecoresponding
resultsofthePhytoDOASmulti-targetfitarepresentedfortheyear2005.Thisincludesinter-
comparisonsofthePFTs’monthlymeanchl-a,aswelascomparisonoftheretrievalresultswith
appropriateproducts,inamonthly-meanbasis.ThesamecomparisonsforthePhytoDOASresults
oftheyear2008areshowninApp.1(sec.6.3).Itmustbementionedthatduetotheshortageof
PFTs’in-situdataandalsothedifficultiesofcolocatingavailablePFTs’datapointswiththelarge
SCIAMACHYpixels,theretrievedconcentrationsofcoccolithophoresanddiatomsinthisstudy
havebeenonlycomparedwiththesateliteproductsandmodeleddata.However,sincethereisno
sateliteproductavailablefortheglobalorregionaldistributionsofdinoflagelates,evaluationof
PhytoDOASproductsdoesnotcompriseanycomparisonwithotherdinoflagelatesproducts.
4.1.1 GlobaldistributionsofretrievedPFTs:2005monthlymeanchl-a
ThePhytoDOASPFTproductsofSCIAMACHYdata2005arepresentedinthissubsectionas
monthlymeanchl-amaps(alonglobalscales).Fig.4.1andFig.4.2providetheconcentrations
forcoccolithophores,dinoflagelatesanddiatomsforthefirstandthesecondhalfoftheyear2005,
respectively.Therearepronounceddiferencesinthechl-adistributionpaternsofthethreePFTs
ineachmonth.Thechl-apaternsforeachPFTarealsoshowingcleartemporalvariations.For
instance,duringMarch:coccolithophores(E.huxleyi)showhighchl-aalongabandinthenorth
oftheAntarcticPolarFrontandalsoinpartsofthetropicsandsubtropics;whiledinoflagelates
showelevatedchl-aonlyintheNorthAtlanticandtheNorthPacific,wherecoccolithophoreshave
muchlowerchl-a;anddiatomsshowdiferentpaternsthanbothofthemespecialyinthetrop-
4.PFTretrievalsusingthePhytoDOASMulti-targetfit
ics.Furthermore,whileduringthewinter(oraustralsummer)therearenococcolithophoresin
thenorthernoceans,theirvaluesincreasefromJanuarytoMarchintheSouthernOcean(espe-
cialyinthenorthoftheAntarcticPolarFront);then,fromMarchthereisagradualincreaseof
coccolithophorebiomassintheArcticOcean(springbloom),whichreachestoitsmaximumin
July;whileinthesameperiodcoccolithophoresvanishgradualyintheSouthernOceanandap-
pearmorepronouncedoverthetropicalregions.FromAugusttilDecemberthecoccolithophores’
globalpaternsfolowareversewaytocompletetheannualcycle.
Coccolithophores Dinoflagelates Diatoms
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Figure4.1:Monthly mean chl-amaps(in[mgm−3])fortargetPFTsretrievedby
PhytoDOAS.TheresultshavebeenobtainedbyapplyingthePhytoDOAStriple-target
fitingtotheSCIAMACHYdataforthefirsthalfof2005.
Themonthlyvariationsinthechl-apaternsofretrievedPFTs’iscaledseasonality,governing
alphytoplanktonactivities.Evenbylookingatthisone-yeardataofphytoplanktonretrievalitcan
berecognizedthattheseasonalityefectisbasicalyderivedfromvariationinavailablesunlight.
Thiscanbeaddressedbythefactthatthereisnomonthduringwhichthephytoplanktonactivities
couldbeseeninthehighlatitudesofbothhemispheres;andthisbehaviorisindependentofthe
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typeofphytoplankton.
Coccolithophores Dinoflagelates Diatoms
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Figure4.2:Monthly mean chl-amaps(in[mgm−3])fortargetPFTsretrievedby
PhytoDOAS.TheresultshavebeenobtainedbyapplyingthePhytoDOAStriple-target
fitingtotheSCIAMACHYdataforthesecondhalfof2005.
Itmustbeconsideredthatthereareotherimportantfactorsrulingthephytoplanktonsea-
sonalpaterns(e.g.,nutrientregime,mixedlayerdepth,regionaloceaniccurentsandatmospheric
aerosolloads).Hence,itisimportanttorecognizethedominantfactor(ingeneral).Ofcourse,
satelitesensorscannotcolectenoughwater-leavingsignalsoverthoseregions,wherethesolar
elevationsaretoolow;butthiscannotjustifythewholeemptinessesobservedinhighlatitudes
duringlocalwinters.Themainreasoncanbeformulatedasfolows:“thelowerthesunlight,the
lowerthephotosynthesisandtherefore,thelowerthephytoplanktongrowth”.
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SimilaritiesandcharacteristicsinPFTmaps
Coccolithophoresshowelevatedchl-ainhighlatitudesduringthelocalbloomingperiods.Inthe
northernhemispherethisispronouncedfromMaytoAugust(withthemaximuminJulyespecialy
inthenorthoftheNorthAtlantic).Inthesouthernhemispherehighelevatedchl-aispronounced
fromOctobertoMarchespecialyalongahorizontalbandinthenorthoftheAntarcticPolarFront,
whichisreferedtoastheGreatCalciteBelt([Balchetal.,2011]).Dinoflagelatesaremostly
abundantinthenorthernoceans,almostintheregionswherethecoccolithophoresareobserved,
buttheirdevelopmentbeginsearlier,startingfromMarchtilJulywithamaximuminMay.Only
inJulydinoflagelatescanbeseenpronouncedalsointhesoutherntropics.Ingeneral,diatoms’
chl-acontentsarehigherthanthetwootherPFTs.Exceptforintheoceandeserts(locatedin
thesubtropics),diatomsaregrowingalmosteverywhereintheWorldOcean.However,theyare
mostabundantinthetropicalupwelingregionsandalsointhesub-Antarcticregions.Seasonality
canalsobeseenwithdiatomsasbehavinginverselyatthesametimeinthehighlatitudesofthe
northernandsouthernregions.
4.1.2 PhytoDOAScoccolithophoresvs.MODISPIC:2005monthlymeans
Sincethewholecoccolithophoresgroupcannotbeobservedthroughonein-situtechnique,the
directcomparisonoftheretrievedcoccolithophoreswiththein-situdataisnotpossible,because
hardlyeveralnecessarymeasurementshavebeendoneatthesameplace. Moreprecisely,with
analyzingwatersamplesbymicroscopyorwiththeContinuousPlanktonRecorder(CPR)only
thelargercels(>5µmand>10µm,respectively)canbeidentified.FromHPLCandflow-
cytometricanalysisonlythegroupsofhaptophytesornano-eukaryotes,respectively(tobothcoc-
colithophoresbelongto),canbeidentified.Inaddition,thereisasignificantdifficultyassociated
withthecolocationofthein-situpointmeasurementstothelargeSCIAMACHYgroundpixels
of30kmby60km.Therefore,sofar,thePhytoDOASresultsofcoccolithophores,insteadof
validation,werecomparedtotheglobalmapsofParticulateInorganicCarbon(PIC)distribution.
PIC,orsuspended(particulate)calciumcarbonate,isregardedasaproxyofcoccolithophoresin
seawaters[Balchetal.,2005],sincecoccolithophorescontinuouslybuildandreleasecoccoliths
(calciteshels).Therefore,PICisanappropriateparameterfortheevaluationofretrievedcoccol-
ithophores.
Forthecomparisonsdoneinthisstudy,thePICglobaldistributionswereobtainedfromthe
MODISAquaLevel-3products,asmonthlycompositeswitha9kmgridding(level-3dailyprod-
uctsareobtainedbycomposinglevel-2productfilesforeachdayintoaglobalgrid).
ToretrievePICconcentrationinopenoceansfromsateliteradiometricdata,twoalgorithms
havebeenmainlyusedasfolows:
•3-bandPICalgorithm[Gordonetal.,2001]basedonremotesensingreflectancein670,765,
and865nmbands,withknowledgeonthespectraldependenceofcoccolithbackscatering;
•abackscatering-basedalgorithm,caled2-bandPICalgorithm[Balchetal.,2005],which
usesnormalizedwater-leavingradianceintheblue(440nm)andgreen(550nm)plusthe
scateringcross-sectionsofcalcitecoccolithsandchlorophyl-containingcels.
TheMODISPICproductisbasedonthe2-bandPICalgorithm,eventhoughthediference
betweenthetwoalgorithmsisnotsignificant[Balchetal.,2005].
Thecomparisonbetweenretrievedcoccolithophores(aschl-acontent)andPICconcentration
inthisstudyimpliesonlyinvestigatingthesimilaritiesinpaterns,becausethePICconcentration
includesnotonlythelivingcelsofcoccolithophores,butalsothedetachedcoccolithsfromthe
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cels.Thechl-aconc.ofthecoccolithophoresisgivenin[mgm−3],whereastheconc.ofPIC
isgivenby[molm−3](ofsuspendedCaCO3).However,thenumberofsuspendedcoccolithscan
beapproximatedfromthePICconcentrationthroughsomeassumptions.Forinstance,takingthat
theobservedPICbelongstoacoccolithophorescommunityanditselfisdominatedbyE.huxleyi,
botharevalidassumptionsinmostcasesintheopenocean.Assuminginthisway,wewouldonly
needtohavetheaverageweightofatypicalcoccolithofE.huxleyi.AsproposedbyFagerbakke
etal.[1994],forE.huxleyispeciesasinglecoccolithweighsabout1.8×10−12gram.Then,the
folowingcanbeinfered:
1mol/m3[CaCO3]=80g[CaCO3]per m3
AccordingtoFagerbakkeetal.[1994],onesinglecoccolith(ofE.huxleyi)contains1.8×10−12
grams[CaCO3].Hence,theaveragenumberofcoccoliths(perunitvolume)equivalenttoone
molesuspendedcalciteparticles(PIC)percubicmetercanbeapproximatedas:
1mol/m3[CaCO3]= 80g1.8×10−12=4.44×10
13[coccoliths]per m3
AseachcelofE.huxleyiissurounded,inaverageby30coccoliths,andduetothefactthat
therearealsodetachedcoccolithsanddeadcelssuspendedinsurfacewater,thenumberofliving
celscanbeapproximated(inasimplecautiousscenario)bydividingtheabovevalueby100:
1mol/m3[CaCO3] 4.44×10
13
100 4.5×10
11[cels]per m3
0.5bilion[cels]perliter
Fig.4.3andFig.4.4indicatemonthlycomparisonsbetweenthePhytoDOAScoccolithophores
andtheMODIS-AquaPICdistributionfortheyear2005.Accordingtothesefigures,themonthly
paternsoftheretrievedcoccolithophoresindicateverygoodagreementswiththedistributionpat-
ternsofPIC:fromMarchbothcoccolithophoresandPICstartgrowinginthenorthernwaters,
especialyinthenorthoftheNorthAtlantic,reachingtheirmaximuminJulyandthendecreasing
tobevanishedcompletelyinNovember. Atthesamecourseoftime,bothproductsindicatea
gradualdecreaseinthenorthernpartsoftheAntarcticPolarFront,wheretheyshowveryhigh
valuesduringaustralsummer.TheraisingphaseofcoccolithophoresandPICinthesouthern
hemispherestartssimultaneouslyinAugust,reachingit’smaximainDecemberandstayinghigh
til March.However,therearealsosomeminordiferencesbetweenthepaternsofthetwoprod-
uctsincertainmonthsandregions:intheIndianOcean,eventhoughthegeneraldevelopmentsof
coccolithophoresandPICcoincidewitheachother,butinMay,JuneandJulyPICpaternsarenot
aspronouncedforthecoccolithophores.ThesamefeatureisobservedforpartsoftheMid-Pacific
andtheMidAtlanticalovertheyear.
4.1.3 PhytoDOASdiatomsincomparisonwithmodeleddata:2005monthlymean
chl-a
Fig.4.6andFig.4.7depictthemonthlymeanconc.ofdiatoms’chl-afor2005,retrievedfrom
PhytoDOASandmodeledbyNOBM(shownontheleftandrightpanels,respectively).ThePFT
modeleddatausedforthiscomparisonwereacquiredfromtheNASAOceanBiogeochemical
Model(NOBM),whichprovidestime-seriesofPFTassimilateddata.TheNOBMmodelprovides
partlythebiogeochemicaloutputdatafortheGiovanniproject,anacronymfortheGES-DISC
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Figure4.3:Leftpanels:PhytoDOAScoccolithophoresmonthlymeanchl-a[mgm−3].Right
panels:PICmonthlydistribution[molm−3]fromMODISAqua.Aldatacoresponds
tothefirsthalfof2005.
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Figure4.4:Leftpanels:PhytoDOAScoccolithophoresmonthlymeanchl-a[mgm−3].Right
panels:PICmonthlydistribution[molm−3]fromMODISAqua.Aldatacoresponds
tothesecondhalfof2005.
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(Goddard Earth Sciences Data and Information Services Center) Interactive Online Visualization
ANd aNalysis Infrastructure. NOBM is a fully coupled model of three major components simu-
lating general circulation, radiative transfer processes and biogeochemical processes [Nerger and
Gregg, 2007]. The ocean general circulation is modeled by the Poseidon model [Schopf and
Loughe, 1995]. The radiative model, the Ocean Atmosphere Spectral Irradiance Model (OASIM,
Gregg [2002]), provides underwater irradiance fields which drive the growth of the phytoplankton
groups. The biogeochemical processes model includes ecosystem and carbon components [Gregg
and Casey, 2007]. Fig. 4.5 illustrates the general structure of the NOBM. As the output products
of model are not directly based on remote-sensing observations, they are not certainly the best
choice or highly reliable for comparison of the satellite retrieved PFTs. However, as mentioned
before, collocating the existing field data (of PFTs) with large satellite pixels (of SCIAMACHY) is
still a big limitation for validating the retrievals with available (though limited) in-situ data. Nev-
ertheless, in case of dinoflagellates even modeled data are not existing (therefore, no comparison
for the dinoflagellates has been provided).
Figure 4.5: General structure of NOBM depicting the interactions among the three main com-
ponents: general circulation, radiative transfer processes and biogeochemical processes.
Courtesy to Nerger and Gregg [2007].
Regarding the usual roughness existing in current PFT models, the comparison indicates a
good agreement between chl-a distribution patterns of the two methods for diatoms. The best
accordance between the two products is observed in the north of the Polar Front in the southern
hemisphere. In the northern regions of the North Pacific the agreement is good too, almost the
whole year through. In the eastern parts of the Mid-Pacific both products contain stable horizontal
patches of elevated chl-a, even though this is more pronounced for the retrieved diatoms. In the
north-west of the Indian Ocean, off North-east Africa and Arabian Peninsula, the chl-a patterns
are almost the same in two products, more pronouncedly between July and September (though
PhytoDOAS indicates higher range of chl-a). There are also clear differences between two sets of
diatoms’ distributions: the model does not indicate any diatoms in the tropical Atlantic, except a
narrow tiny band, whereas the retrieval maps show higher results in this part with wider coverage,
especially from October till April; while the NOBM model presents a permanent band of elevated
chl-a in the sub-Antarctic regions (with seasonal variations in the intensity and the band-width), the
retrieved diatoms in this region can be observed only during austral spring and austral summer; in
the Indian Ocean, except the north-west regions, the NOBM model does not contain any diatoms,
while retrieved diatoms are abundant in this ocean almost whole year. Moreover, contrary to
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themodel,theretrievalisnotcoveringtheveryhighlatitudes,especialyduringthelocalwinter
months,forwhichthelowlightavailabilitymakesthesignaltonoiseratioevenworseforthelarge
SICMACHYpixels.
4.1.4 PhytoDOAScyanobacteriaviasingle-targetfit:2005monthlymeanchl-a
Fig.4.8showsmonthlychl-a[mgm−3]ofcyanobacteriafromthePhytoDOASsingle-targetfit
fortheyear2005.Thecharacteristicfeatureoftheseresultsisthatoverthewholeyearhardly
anycyanobacteriaareobservedinthehighlatitudesofbothhemispheres,rathertheyarecon-
centratedinthetropicalandsubtropicalregions,morepronouncedinthesouthernhemisphere.
CyanobacteriaareabundantinthementionedareasfromFebruarytoAugust,showingthehighest
activityinMaywithlargebloomsinthesouthernhemisphereandlowerbiomassintheNorthern
tropicalandsubtropicalareas.WhileinthehighlatitudesoftheNorthAtlanticcyanobacteriaare
observedfromMarchtoJune,theyindicatenoactivityinthehighlatitudesoftheNorthPacific.
ThesecondmostabundantmonthforcyanobacteriaisinJuly,whentheycoverpartialytheNorth
AtlanticandtheNorthPacificandshowlesscoverageinthesouthernhemispherecomparedto
May.Theinterestingfeatureoftheretrievedcyanobacteriaisthatinspecificmonthstheycover
alsotheso-caledOceanDesertsregionsintheAtlanticandthePacific.Forinstance,thehyper-
oligotrophicregion,locatedintheSouthPacificgyrenearEasterIsland(20◦S-30◦Sand98◦W -
122◦W,ClaustreandMaritorena[2003]),elevatedcyanobacteriacanbeseeninJulyandAugust
andalsopartialyinFebruaryandOctoberwithmoderateconcentration.Thesamefeaturecan
beseeninthetwooceanicdesertsoftheAtlanticOcean,situatedwithinthesubtropicalgyres
[WiliamsandFolows,1998],inFebruary,May,JulyandAugust.However,itisnotofsurprise
toobservecyanobacterialivingalsoinhabitatswhereotherphytoplanktondonot.Forinstance,
Trichodesmium(amajorcyanobacterialspecies)isthedominantplanktonicnitrogen-fixerinolig-
otrophicwaters[Caponeetal.,1997].Thereareplentyofreferencesevidencingthatintropical
andsubtropicalareascyanobacterialspeciesaredominant,wherevertheoveralbiomassislow
(e.g.,Zubkovetal.[2000];DuRandetal.[2001];Longhurst[2007]).
TheresultsofcyanobacteriashowninFig.4.8havebeenobtainedviathePhytoDOASsingle-
targetmode,accordingtoBracheretal.[2009],whilefortheretrievalsoftheotherthreePFTs
(displayedbefore)thetriple-targetmodewasapplied. However,forthesingle-targetfitinga
widerwavelengthwindow(429−521nm)wasused,opposedtoBracheretal.[2009]wherea
fit-windowof429−495nmwasperformed.
Howevertheresultsarealmostthesame.Thereasontoretrievecyanobacteriainadiferent
way,i.e.,bythePhytoDOASsingle-targetmode,canbeexplainedbytheapparentdiferenceex-
istingbetweenthespectralbehaviorofcyanobacteriaandotherPFTs.Fig.4.9showsthesespectral
diferencesindetail:thediferentialabsorptionspectraofthetargetPFTs(usedasthephytoplank-
toninputspectraintheretrieval)andthefourth-derivativecurvesofrespectiveabsorptionspectra.
Inbothcasescyanobacteriabehavequitediferent,withlowspectralcorelationwiththeothertar-
gets.Hence,cyanobacteriacanberetrievedseparatelywithoutbeingafectedbythecontributions
oftheotherspectra.Ontheotherhand,theoceanichabitatsofcyanobacteriaareoftenparticular,
wheretheotherspeciescanhardlysurvive,asseenforthehyper-oligotrophicregion.Forinstance,
ProchlorococcusandSynechococcus(twomajorspeciesofcyanobacteria)aremostlyobservedin
oligotrophictropicalwaters.Because,aspicophytoplankton,theyhavelargesurface-to-volume
ratio,makingthemlesssensitivetonutrientlimitationthanlargerphytoplanktongroups[Alvain
etal.,2008;Longhurst,2007].Consequently,cyanobacteriaarenotdetectedmuchtobepreva-
lentsimultaneouslywiththeothertargetPFTs(asitisusualfordiatoms,coccolithophoresand
dinoflagelates).Thisismorepronouncedinthesubtropicalgyres(oligotrophicareas)andinthe
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Figure4.6:Leftpanels:diatomsmonthlymeanchl-a[mgm−3]retrievedbyPhytoDOAS
fromtheSCIAMACHYdata. Rightpanels:diatomsmonthlymeanchl-a[mgm−3]
acquiredfromtheNOBMassimilateddata.Aldatacorespondstothefirsthalfof2005.
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Figure4.7:Leftpanels:diatomsmonthlymeanchl-a[mgm−3]retrievedbyPhytoDOAS
fromtheSCIAMACHYdata. Rightpanels:diatomsmonthlymeanchl-a[mgm−3]
acquiredfromNOBMdata.Aldatacorespondstothesecondsixmonthsoftheyear
2005.
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Figure4.8:Cyanobacteriamonthlymeanchl-a[mgm−3]retrievedbyPhytoDOASsingle-
targetfitfromSCIAMACHYdata.Aldatacorespondtotheyear2005.
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highlatitudes(beyond55◦).
Figure4.9:Thediferentialabsorption(leftpanel)andtheforth-derivativeoftheabsorp-
tionspectra(rightpanel)forthetargetPFTsretrievedbyPhytoDOAS:coccolithophores
(green),dinoflagelates(orange),diatoms(blue)andcyanobacteria(red).Eachabsorption
spectrumhadbeenbeforehandnormalizedtothechl-aconcentrationoftherespecting
species.
4.2 PhytoDOASannualPFTsincomparisonwithotherproducts:
2005
4.2.1 GlobaldistributionsofretrievedPFTs:2005annualmeanchl-a
Fig.4.10showsannualaveragesofchl-aconc.[mgm−3]ofthefourmajorPFTsretrievedby
PhytoDOASfortheyear2005.TheseannualcompositesprovideashortoverviewofthePFTs’
globaldistributionpaterns. Asabriefcomparison:coccolithophoresanddinoflagelatesshow
similaritiesathighlatitudesinbothhemispheres;atsub-polarlatitudesandnearthecoastalzones,
dinoflagelatesshowslightlyhighervalues;intropicalandsub-tropicalregionsthetwoPFTsshow
completelydiferentpaterns.DiatomsaremoreabundantintheWorldOceanthantheotherPFTs,
butmorefavoredathighlatitudes(coldoceans)andcoastalupwelingareas,showinghigherchl-a
contentsthanotherretrievedPFTs(notethediferentrangeoftheircolor-table).Thechl-apatern
ofcyanobacteriaisquitediferentthanwhatisobservedfortheotherPFTs,withelevatedchl-aat
lowlatitudes,includingthesubtropicalgyres,andverylowconcentrationathighlatitudes.
4.2.2 PhytoDOAScoccolithophoresanddiatomsincomparisonwithproductsof
MODISandNOBM:2005annualmeans
InFig.4.11thePhytoDOASannualcompositesofcoccolithophoresanddiatomsin2005are
comparedwithtwootheravailablePFTproducts:coccolithophoreswiththeMODISPICand
NOBMdata;diatomswiththeMODIStotalchl-aandNOBMdata.CoccolithophoresandPIC,
asexpectedfrommonthlycomparisons,haveverysimilarannualpaterns:theareasofthemost
coincidencesarethehighlatitudesinbothhemispheres,especialyintheNorthAtlanticandin
theSouthAtlantic;bothmapsmatchalsointheirlow-contentregions,whichareconfinedtothe
tropicalandsubtropicaloceans.ThecomparisonbetweencoccolithophoreresultsofPhytoDOAS
andNOBMarenotingoodagreement,exceptforintheNorthAtlantic,theTasmanSeaand
partialyinthetropicalwaters.RegardingtheglobaldistributionofPICandanotherPFTproduct
relevantforcoccolithophores,e.g.,haptophytesrepresentedby[Hirataetal.,2011](panelbin
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Figure4.10:PFTs’annualmeanchl-a[mgm−3]in2005retrievedbyPhytoDOASfrom
SCIAMACHYdata.
Fig.4.12),itseemsthattheNOBMdataunderestimatescoccolithophoresanddonotcoverthem
inmostpartsoftheWorldOcean,especialyinthesouthernhemisphere.
Sincediatomshavealargecontributiontooceanproductivityandmarinetotalchl-a[Yool
andTyrel,2003],andbecauseofthelimiteddataavailabilityofPFTs’globaldistributions,the
PhytoDOASdiatoms(annualmeanfor2005)havebeencomparedwiththetotalchl-aofMODIS
Aqua(panelbinFig.4.11).Surprisingly,theglobalpaternofPhytoDOASdiatomsisverysimilar
toMODIStotalchl-a.Overal,PhytoDOASdiatomvaluesarehigherthanMODIStotalchl-a,
whichindicatesanoverestimationbyPhytoDOAS.However,thedistributionpaternsofelevated
chl-aconc.areverysimilarinbothproducts.TheNOBMdiatomsalsoshowsimilarpaternsas
PhytoDOASdiatoms,eventhoughwithlesscoverageintheNorthAtlanticandalsointhetropical
regionsoftheIndianOceanandtheWestPacific.Moreover,therangeofchl-ainNOBMdiatoms
isinoverallowerthanPhytoDOASdiatoms,becausetheNOBMproductsarescaledtothetotal
chl-aconc.ofMODIS.ItmustbementionedthatNOBMdataproductsincludealsoglobalmaps
ofmeanchl-aforcyanobacteria,forwhichthecomparisonwiththePhytoDOAScyanobacteria
hasnotbeenshowninthisthesis.
4.2.3 PhytoDOASPFTsincomparisonwithproductsofHirata’sPFTalgorithm:
2005annualmeanchl-a
InFig.4.12the2005annualchl-acompositesofPhytoDOAScoccolithophores,diatomsand
cyanobacteriaarecomparedwiththeresultsofaPFTretrievalalgorithmdevelopedbyHirata
etal.[2011],whichhasbeenappliedonseveralyearsdataoftheSeaWiFSsensor.Hirataetal.
[2011]proposedanapproachforglobalestimationofthePSCs(phytoplanktonsizeclasses)and
PFTsusingthesynopticrelationshipsbetweentotalchl-aandthefractionalcontributionofthree
PSCsandsevenPFTs,basedonanalyzingandquantifyingbiomarkerpigmentsthroughalarge
in-situHPLCdata-set.Thetechniquereliesonthatatlargescalethevariationinphytoplankton
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4.2. PhytoDOAS annual PFTs in comparison with other products: 2005
a) Coccolithophores (PhytoDOAS) b) Diatoms (PhytoDOAS)
c) PIC (MODIS-Aqua) d) Total chl-a (MODIS-Aqua)
e) Coccolithophores (NOBM model) f) Diatoms ((NOBM model)
Figure 4.11: Annual averages in 2005 for: PhytoDOAS coccolithophore and diatoms chl-a
(panels a & b), MODIS-Aqua PIC and total chl-a (panels c & d) and NOBM coccol-
ithophore and diatoms chl-a (panels e & f).
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community structure depends on the variation in total chl-a. The method was validated and applied
to satellite (SeaWiFS) total chl-a data: seven PFTs have been derived globally from SeaWiFS data,
presented as separate chl-a maps averaged from 1998 to 2009. For our comparison purpose three of
them have been used (right panels in Fig. 4.12) which are diatoms, the haptophytes and prokaryotes
(cyanobacteria). The haptophytes are used as rough approximation for coccolithophores, although
haptophytes not only include coccolithophores, but also Phaeocystis sp. and other species.
As shown in Fig. 4.12, the best agreement between PhytoDOAS and the PFT algorithm of
Hirata et al. [2011] is observed for coccolithophores and its counterpart: the haptophytes (the first
row). The patterns of global coverages are coinciding very well and the respective ranges of chl-a
are also close to each other; even though the contribution of other haptophytes should be consid-
ered. Therefore, due to the very similar spectral behavior of the absorption spectra of Phaeocystis
sp. and coccolithophores, one possible scenario could be that the PhytoDOAS retrieval of coccol-
ithophores includes Phaeocystis sp., as well, and hence is likely to be representing the haptophytes.
The two methods are showing different results for diatoms in the tropical and sub-tropical oceans:
while PhytoDOAS assigns high concentrations to diatoms in large parts of these regions, by the
Hirata’s method diatoms (in respective areas) exist only in coastal waters. However, in high lati-
tudes of both hemispheres the two methods show good agreement. This is more pronounced in the
northern hemisphere and also in the southeastern waters of the South America, but in the Southern
Ocean PhytoDOAS show higher values than the other algorithm. The PhytoDOAS cyanobacteria
hardly match the Hiratas’s prokaryotes. Especially, there is no agreement for the high-latitude
regions, except for tiny parts in the North Atlantic and the North Pacific. This difference can be
partly attributed to the spatial variations in the phytoplankton absorption spectra (here cyanobacte-
ria), which has to be investigated further. Moreover, it can also be the case that because of the very
different absorption spectrum of cyanobacteria (compared to the other PFTs), their contribution in
the total chl-a is generally underestimated by the ocean color chl-a algorithms.
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4.2.PhytoDOASannualPFTsincomparisonwithotherproducts:2005
a)Coccolithophores(PhytoDOAS-SCIA.) b)Haptophytes(Hirata-SeaWiFS)
c)Diatoms(PhytoDOAS-SCIAMACHY) d)Diatoms(Hirata-SeaWiFS)
e)Cyanobacteria(PhytoDOAS-SCIA.) f)Prokaryotes(Hirata-SeaWiFS)
Figure4.12:Annualaveragesof2005for:PhytoDOAS(leftpanels)andPFT-retrievalalgo-
rithmaccordingtoHirataetal.[2011](rightpanels).ThePFTresultsinHirataetal.
[2011]havebeenextractedbyapplyingtheproposedalgorithmontotheSeaWiFSdata
andthenaveragedoveraperiodfrom1998to2009.Bothsetofresultsarerepresented
aschl-aconcentrationin[mgm−3].
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Chapter 5
Application of PhytoDOAS to study the
dynamics of coccolithophore blooms
5.1 Overview
Sensitive responses of phytoplankton to the environmental and ecological impacts make them re-
liable indicators of the variations in climate factors. Coccolithophores (coccos) are an abundant
taxonomic group of phytoplankton with a wide range of effects on the oceanic biogeochemical cy-
cles [Rost and Riebesell, 2004] and a significant influence on the optical features of surface water
[Tyrrell et al., 1999]. Coccos also affect the atmosphere and climate by emitting dimethylsulfide
(DMS) into the atmosphere [Tyrrell and Merico, 2004; Andreae, 1990], where it is converted to
the sulfur aerosols and cloud condensation nuclei (CCN) and influence the climate and the Earth’s
energy budget [Charlson et al., 1987; Andreae, 1990]. Coccolithophores form frequently large
blooms, which can be often visually detected by satellite imageries. However, to have a quantita-
tive and continuous estimation of coccolithophore contents on a global scale, ocean color remote
sensing algorithms must be used. Improving these algorithms for detecting phytoplankton groups
is important because of the different biogeochemical impacts of different groups. In this study,
monitoring coccolithophore blooms, through spatial and temporal variations of their abundances
and inter-annual cycles, has been the main interest. This is part of the research field of monitoring
climate impacts through phytoplankton variations. As retrieval tool, the PhytoDOAS method has
been applied to the entire data set of SCIAMACHY to detect coccolithophore blooms in three
selected oceanic regions. The retrieval results, shown as time-series, were compared to the appro-
priate satellite data of total phytoplankton biomass (total chl-a from GlobColour) and particular
inorganic carbon (PIC, from MODIS-Aqua). The results were also compared with three major
oceanic geophysical parameters: sea-surface temperature (SST), mixed-layer depth (MLD) and
surface wind speed, for which the two first parameters were obtained from satellite data and the
last one from a model.1
5.1.1 Motivation
Among different phytoplankton blooms, coccos blooms are very important due to their wide cover-
age and frequent occurrence [Holligan et al., 1983], as well as their unique biooptical and biogeo-
chemical properties [Brown and Podesta, 1997; Balch, 2004]. This importance, which is more ex-
plained in below2, was the main motivation for conducting a coccos bloom study via PhytoDOAS
1The content of this chapter has been partially presented in Sadeghi et al. [2012a].
2To explain the motivation of the work presented in this chapter, some contents of sec. 2.3 were partially used.
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method. Coccosarethemainplanktoniccalcifiersintheocean.Theymakeamajorcontribu-
tiontothetotalcontentofPIC(suspendedCaCO3)intheopenoceansviabuildingandreleasing
coccolithplates[Miliman,1993;Acklesonetal.,1994].PICrepresentsabout1/4ofal marine
sediments[BroeckerandPeng,1982]andisregardedasamajoroceanicsinkforatmospheric
CO2.Moreover,bysinkingthroughthewatercolumnandgetingdepositedinthesediments(ei-
therdirectlyascoccolithsanddetritusorafterbeingconvertedintoPIC),coccosareconsidered
tobeoneofthemaindriversofthebiologicalcarbonpump[RavenandFalkowski,1999;Rost
andRiebesel,2004;ThiersteinandYoung,2004],hence,akeycomponentoftheglobalcarbon
cycle[Westbroeketal.,1993].Furthermore,themostdominantspecieswithinthecoccostaxo-
nomicgroup,i.e.,E.huxleyi,isknowntobeasignificantproducerofDMS[Keleretal.,1989;
Malinetal.,1992],whichafectstheplanetaryalbedo[Charlsonetal.,1987].Duringtheirfre-
quentlylarge-scaleblooms,coccoscausetwoimportantopticalefects(duetotheircoccoliths):a
veryhighreflectancefromtheoceansurface,andawideimpactonthelightfieldinupperocean
[Acklesonetal.,1988;Balchetal.,1989].Coccosbloomssucceeddiatombloomsinresponseto
increasingstabilizationandnutrientdepletionofsurfacewaters[Margalef,1978;Holiganetal.,
1983;Lochteetal.,1993].Hence,monitoringcoccosbloomscanalsoimproveourunderstanding
ontheglobaldistributionofdiatoms.
Someformerstudiesaimedtoexploitanddevelopremotesensingmethodsformonitoringthe
distributionofcoccosonaglobalscale[GroomandHoligan,1987;BrownandYoder,1994a;
Brown,1995;Gordonetal.,2001],aswelasstudyingcorespondingbloomsonregionalscales
[Holiganetal.,1983;Balchetal.,1991;BrownandYoder,1994b;BrownandPodesta,1997;
Smythetal.,2004;Morozovetal.,1993].
5.1.2 Objectives
ThemaininterestofthisstudywastoapplythePhytoDOASmethodforquantitativeremotesens-
ingofcoccosusingsatelitedata.Duetothecrucialroleofcoccosintheglobalbiogeochemical
cycles,thissatelite-basedmethodcanbeusedformonitoringtemporalandspatialvariationsof
coccosonaglobalscale,whichinturncanbeused(asaphenomenalstudyofphytoplankton
dynamics)forstudyingtheimpactsofavaryingclimateonmarinephytoplankton[Winderand
Cloernet,2010].Toshowthiscapacity,coccosbloomsinselectedregionsweremonitoredover
eightyearsandtheirinter-annualvariationswereinvestigatedalongwiththetemporalvariations
ofcertaingeophysicalparameters. Ontheotherhand,PhytoDOAStakesthefolowingfactors
intoaccount,whichareoftennotconsideredincurentbioopticalmethodsbasedonband-ratio
algorithms:thephytoplanktonabsorptionspectra,theexistenceofmultiplePFTsandthelight
penetrationdepthinthewater.Therefore,theabovespecificcapacitiesofthemethodareinves-
tigatedbythisstudy. Morespecificaly,concerningcoccosretrieval,whileotherphytoplankton
pigmentscauseadecreaseinbackscaterradiancemostlyinthebluepart(andslightlyinthe
green),coccos,duetotheircalciteplates,afectthesolariradianceuniformlyinboththeblueand
thegreen[Gordonetal.,1988].Furthermore,ascoccosbloomscauseflateningofthereflectance
spectrum,thestandardratiopigmentalgorithms[GordonandMorel,1983]wilnotprovidecor-
rectpigmentretrievalswithintheblooms[Balchetal.,1989;Balch,2004];while,byretrieving
thediferentialabsorptionfeatures,thePhytoDOASmethodhasthepotentialtoobtainresultson
PFTchl-ainhighcoccosregions,whenhyper-spectralvariationsarestilvisible.Inthissense,
retrievingcoccosbloomsprovidesareliableapplicationtotesttheimprovedPhytoDOASmethod.
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5.2 Study setup
5.2.1 Initial tests
As mentioned in detail in sec. 4.1.2, there are limitations in comparing the PhytoDOAS coccos
(retrieved from SCIAMACHY data) with in-situ coccos measurements. Briefly speaking, these
limitations arise from collocating satellite data with comparable in-situ data sets, which inquires
enough appropriate in-situ data. To avoid this restriction, the PhytoDOAS coccos results, instead
of validation, were preliminarily compared with the NOBM coccos modeled data and then with the
global distribution of PIC obtained from the MODIS-Aqua level-3 products. The reasons behind
the comparison of retrieved coccos with the MODIS-Aqua PIC data, as well as the respective
results for 2005, have been presented in sec. 4.1.2. Very good agreements were observed in global
patterns of coccos and PIC on a monthly and seasonal basis (see sec. 4.1.2).
Figure 5.1: An example comparison of three monthly mean products, all obtained in Aug.
2005: the PhytoDOAS coccos chl-a (upper left panel) retrieved from SCIAMACHY data,
the PIC concentration (upper right panel) from the MODIS-Aqua level-3 products, and
the total chl-a (lower panel) from the GlobColour level-3 merged data.
Moreover, PhytoDOAS coccos chl-a results were compared to the total chl-a, provided by
GlobColour merged data, as the maximum limit of observed chl-a for coccos. Fig. 5.1 illustrates a
sample comparison of these three products in August 2005, showing consistent patterns between
coccos (upper panel) and PIC (middle panel), followed by partially similar patterns of the total
chl-a (lower panel).
Additionally, the improved PhytoDOAS method was used to detect single events of coccol-
ithophore blooms, which is described below: In Fig. 5.2 the upper left panel corresponds to the
coccolithophore bloom over Chatham Rise (east side of New Zealand) on 23 December 2009,
which was reported as an instantaneous RGB image by NASA. The PhytoDOAS retrieval of this
bloom, shown in the middle panel, was obtained from two weeks data of SCIAMACHY (cen-
tered at 23 Dec. 2009). The PIC distribution over this region (lower panel) was prepared as an
8-day composite (19-26 Dec. 2009) from MODIS-Aqua level-3 products. Since only few SCIA-
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MACHY orbits cross this small region at one day, among which a large fraction of attaining pixels
are flagged out due to the sensitivity of the retrieval to cloud contamination, this time frame limita-
tion could not be avoided. The cloud contamination is also the reason for missing a lot of pixels in
the eastern parts, where is almost blank in the respecting map. However, regarding the fact that a
typical coccolithophore bloom lasts a few days, not just one day, the choice of using a several-day
time frame does not spoil the detection. However, within a wider time-frame, the slight motion
and spreading of the bloom over the time (caused by wind, for example) will also affect the bloom
pattern in the retrieval output.
Figure 5.2: A case study of phytoplankton bloom detection by PhytoDOAS: the upper-left
panel is a true-color image of MODIS sensor (reported by NASA on 23rd Dec. 2009)
showing a coccolithophore bloom near Chatham island, on the eastern side of New
Zealand. The upper-right panel depicts the PhytoDOAS retrieval of the coccolithophore
chl-a for the same region over a period of two weeks (centered at 23rd Dec. 2009). The
lower panel illustrates the distribution of MODIS-Aqua PIC for the bloom region as an
8-day composite (19 to 26 Dec. 2009).
Fig. 5.3 indicates another coccolithophore bloom detected by applying the PhytoDOAS triple-
target method on SCIAMACHY data over the northern parts of the North Atlantic in August 2004.
Regarding the fact that coccolithophore blooms are quite abundant in this oceanic region [Brown
and Podesta, 1997; Balch et al., 1991; Holligan et al., 1993; Raitsos et al., 2006] and with respect
to the pronounced high-valued pattern of PIC distribution on the respective area (lower-panel in
Fig. 5.3), this bloom can be addressed as a coccolithophore dominated bloom. The pattern of
the MODIS chl-a map (upper-left panel) coincide very well to the PIC pattern, confirming the
dominance of coccolithophores in the bloom. Overall, the PhytoDOAS retrieval of this bloom
(upper-right panel in Fig. 5.3) shows a very good agreement with the MODIS-Aqua products:
both PIC and chl-a.
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Figure5.3:DetectionofacoccolithophorebloomintheNorthAtlanticduringAugust2004
byPhytoDOAS(upper-rightpanel).Theupper-leftpanelandthelowerpanelshowthe
distributionsoftheMODIS-Aquatotalchl-aandPICconc.overthebloomperiod,re-
spectively.Al mapsareconfinedtothefolowinggeographicborders:2◦W-42◦W and
49◦N-69◦N.
5.2.2 Selectionofthestudyregions
Tomonitorthedevelopmentofcoccosblooms,regionsofhighoccurencewereselectedbased
onthefolowingprocedure:first,aglobaldistributionofcoccos,mappedbyBrownandYoder
[1994a]andBrown[1995]wasconsidered(upperpanelinFig.5.4);secondly,eightyearsof
globaldistributionofPIC,fromMODIS-Aqualevel-3monthlyproductswasmonitored;andfi-
nalycoccosfieldstudieswereanalyzed[BrownandPodesta,1997;Balchetal.,1991;Holigan
etal.,1993;Raitsosetal.,2006;Painteretal.,2010;Garciaetal.,2011;Burns,1977;Tilburg
etal.,2002].Basedonthesepre-investigations,threeregionshavebeenselected(lowerpanel
inFig.5.4),locatedintheNorthAtlantic(southofIceland),theSouth-westAtlantic(northof
theFalklandIslands),andtheSouth-westPacific(south-westofNewZealand,suroundedbythe
TasmanSea).Forsimplicitytheregionswerelabeledas:nAtl,sAtlandsPac,respectively.The
regionswerebeenselectedtobe10◦×10◦areas,whichregardingtheirlatitudinaldistributions
meansalmostthesameareaforsAtlandsPacandsmalerfornAtl. AsshowninFig.5.4(the
lowerpanel),onabackgroundoftheMODISPICproduct,tworegions(sAtlandsPac)arelocated
intheGreatCalciteBelt[Balchetal.,2011],whichisagreatlatitudinalbeltofelevatedPIC
concentrations,containingoverone-thirdofalglobalPIC.TheGreatCalciteBeltislocatedal
thewayaroundtheSouthernOceannearthesub-Antarcticfrontandpolarfront(betweenabout
30◦Sand60◦S).Inselectionofthesethreeregions,alsothePhytoDOAScoccosmonthly-mean
chl-a(presentedinChapter4)havebeenconsidered.Fig.5.5showsthreesamplecoccolithophore
bloomsoverthestudyregions,whichhavebeendetectedastrue-colorimagesbydiferentsatelite
sensors,whichcanberegardedasanevidencefortheselectionofthesespecificregions.
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Figure5.4:Theupperpaneldepictsacoccolithophoresclimatologyby[BrownandYoder,
1994a]fromCZCSimagerydatingfromNov.1978toJun.1986.Theregionsofcoccol-
ithophorebloomsareshowninwhite,containingonlymeasurementswithcoveragesmore
than4800km2.Thelowerpanelindicatesthestudyregionschosenformonitoringthe
developmentofcoccolithophoreblooms.Theregionswerechosenbasedonseveralcoc-
colithophorefieldstudiesreportedinliteratures,alongwithinvestigatingthevariations
inglobaldistributionofPICthrougheightyearsdataofMODIS-Aqua.Forcomparison
purpose,theregionshavealmostthesameareas.
Figure5.5:True-colorimagesofcoccolithophorebloomsinselectedregions:NorthAtlantic
on22May2010byMODISAqua(leftpanel);PatagonianShelfon18December2003
bySeaWiFS(middlepanel);andTasmanSeaon9November2011byMODISTera.
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5.2.3 Satelitedataandgeophysicalvariables
PhytoDOAScoccosresultsforeachselectedregionwereretrievedfromSCIAMACHYdatafrom
Jan.2003toDec.2010(withthesamesetupasdescribedinsec.3.4).Theinformationabout
SCIAMACHYsensor,providingPhytoDOASwithhyperspectralsatelitedata,wasgiveninde-
tailsinsec.3.5.AlsothetwowavelengthrangesofSCIAMACHYdatausedinthisstudyandthe
specificusageofeachoftheminPhytoDOASmethodweredescribedinsec.3.3.1.
Tocompareandevaluatethecoccosretrievalresultsandtoinvestigatetheirprobablecorela-
tionswithclimatefactors,fourothersateliteproductswerecolectedfortheselectedregionsfrom
Jan.2003toDec.2010asfolows:(1)totalchl-afromESAocean-colordataset,GlobColour,pro-
vidingmergeddatafromthreemajorocean-colorsensors:MODIS-Aqua,MERISandSeaWiFS,
with4kmgridresolution(fordetailssee:http://www.globcolour.info);(2)PICdata
fromMODIS-Aqualevel-3productswith9kmgridresolution(seedetailsonMODISweb-page:
http://modis.gsfc.nasa.gov);(3)seasurfacetemperature(SST)fromAdvancedVery
HighResolutionRadiometersensor(AVHRR:http://nsidc.org/data/avhrr)witha
4kmspatialresolution(fromPathfinderV5);andfinaly(4)surfacewind-speeddataderivedfrom
theAdvancedMicrowaveScanningRadiometer-EarthObservingSystem(AMSR-E)sensor,glob-
alygriddedat0.25◦×0.25◦(moreinformationathttp://remss.com).TheMLDdatawere
obtainedfromOceanProductivity(http://www.science.oregonstate.edu/ocean.
productivity/index.php).Forthisdataproduct,theMLDmonthlydata(afterJune2005)
areprovidedbasedontheMLDoutputofFNMOC(FleetNumericalMeteorologyandOceanogra-
phyCenter).FNMOC’sMLDisdeterminedthroughtheTOPS(ThermalOceanPrediction)model
byidentifyingthedepthwherethetemperatureis0.5degreelowerthanthevalueatthesurface
(theso-caledisothermallayerdepth,ILD).Ingeneral,apartfromthehighlatitudes(above+,-
70◦),theIDLisagoodapproximationofMLD.FortheperiodbeforeJuly2005,theMLDdata
wereobtainedfromtheOceanProductivitymergeddatasetfromtheSODA(simpleoceandata
assimilation)model.ThegridresolutionoftheMLDmonthlydatais16◦degree.
5.2.4 Furtherprocessingofthedata
Thedataofthediferentparameterswererepresentedastimeseriesofmonthlymeanvalueswithin
thesametimeperiod.PhytoDOASresultsforalpixelswithintheselectedregionswereaveraged
foreachmonth;MODIS-AquaPICdata,AVHRRSSTdataandAMSR-Ewind-speeddatawere
directlycolectedasmonthly-meanvalues;dailyproductsofGlobColourtotalchl-awasconverted
intomonthlymeanvalues.Then,foreachregion,thetime-seriesofalsixparameterswerebuilt
upfromJan.2003toDec.2010.Inthepost-processingofthePhytoDOASretrieveddata,two
criteriaforremovingdata-pointsofpoorqualitywereapplied:tofilteroutpixelswithpoorfit
quality,onlyfitresultswithChi-Square,χ2,valuesbelow0.001wereusedandathresholdof
pixelnumberswasappliedtothemonthly-meantoremovedatapointsthatwereaveragedover
aninsufficientnumberofremainingpixels(withinamonth).Theminimumnumberofpixels
(permonth)forconsideringamonthlymeanasanacceptablepoint,wasdeterminedbybuilding
anoccurencehistogram,withthenumberofpixelspermonthastherandomvariable.Takinga
coveragelessthan10%oftotaloccurencesasthelowerlimit,thethresholdvaluewasranging,
dependingontheregion,from40to90minimumobservationspermonth.
ThefinalavailabilityoftheSCIAMACHYground-pixelsusedforeachregionbasedonthe
aboveapproachisshowninFig.5.6. Thisfigureilustratesthenumberofground-pixelsper
month(overthewholeeightyears),whichhavebeenprocessedinconstructionoftherespecting
time-seriesforeachregion.Thewhiteblockscorespondtothosemonths,forwhichthedata
availabilitywastoopoortobeaccountedintheprocess. Moreover,fromFig.5.6apaternof
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seasonal dependency can be seen in the data availability of the study regions. It means that the
months of more acceptable ground pixels (with higher fit-qualities) are mostly residing in the
local spring and summer, or blooming seasons. This fact can be assigned to the sensitivity of the
PhytoDOAS method to the total available sunlight or to the direction of the solar radiation (solar
elevation angle). On the other hand, the seasonal feature observed in the data has urged to calculate
the linear trends of the retrievals (and other parameters) only over the seasonal months for each
region (see sec. 5.3.3).
Figure 5.6: The SCIAMACHY data availability for the construction of the monthly time series
from PhytoDOAS retrievals. The data availability is depicted separately for three study
regions: nAtl (upper panel), sAtl (middle panel) and sPac (lower panel).
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5.3.1 Timeseriesofbiologicalandgeophysicalparameters
ThetimeseriesfromJan.2003toDec.2010ofalparametersoverthethreeselectedregions
nAtl,sAtlandsPacareshowninFig.5.7,5.8and5.9,respectively.Thesetime-seriescomprise
monthlymeanvaluesofthefolowingparameters:(a)coccoschl-a(denotedbyEhux)retrieved
byPhytoDOAS,(b)GlobColourtotalchl-a,(c)PICconcentrationfromMODIS-Aqua,(d)MLD
estimatesprovidedbyOceanProductivity,(e)SSTfromAVHRRdataset,and(f)surfacewind-
speedfromAMSR-Edataset.Inthetime-seriesofthePhytoDOAScoccosaresomemissing
points,duetothepost-processingoftheretrieveddata;i.e.,thefit-qualityfilter(χ2)andthe
average-qualitycondition(numberofpixelspermonth).Ontheotherhand,onehastokeepin
mindthatourstudyisfocusingonlyonthesurfacewaters’phytoplanktonphenology,eventhough
thein-waterlightpathsmeasuredbyPhytoDOAScovermostlydeeperrangesthansurfacewater.
Figure5.7:TimeseriesofthesixparametersmonitoredinnAtlfromJan.2003toDec.2010:
(a)coccos[Ehux]chl-aconc.retrievedbyPhytoDOAS;(b)GlobColourtotalchl-a;(c)
MODIS-AquaPICconc.;(d)MLDfromOceanProductivity;(e)SSTfromAVHRR;and
(f)surfacewind-speedfromAMSR-E.
Duetothesegapsthecoccostime-series,comparedtothetime-seriesoftheotherparameters,
depictmoreartifactfeatures,whichmustbedistinguishedfromtheirnaturaliregularities.The
mainreasonforthisanomalyisthatSCIAMACHY(primarilydesignedforatmosphericmissions),
comparedtousualoceancolorsensors,e.g.,MODIS-Aqua,SeaWiFSandMERIS,hasavery
coarsespatialresolution.ThecharacteristicofhavinglargegroundpixelsmakesitssurfaceUV-
visibledataverysensitivetocloudcontaminations,ascomparedtoothersensorswithhighspatial
resolutions.Therefore,thetime-seriesofPIC,providedbyMODIS-Aqua,andthetime-seriesof
totalchl-a,obtainedfromGlobColourmergeddata,showveryfewgaps.However,therearestil
enoughdatapointsinthecoccostime-series,forcomparingcoccostemporalvariationswiththe
otherparameters.
Inthetime-seriesofthenAtlregion(Fig.5.7)alparametersshowaclearannualcycle;how-
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Figure 5.8: Time series as described in Fig. 5.7, but for the sAtl region.
ever, for some of the parameters (not for SST and MLD) the inter-annual cyclical periods of high
intensities are deviating from one year to another; e.g., from 2008 to 2009 for coccos and PIC
the period between the maxima is reduced to 10 months, while it is 11-14 for all other years (e.g.
2007 to 2008). However, for GlobColour total chl-a the intervals between successive maxima for
the periods 2008/2009 and 2007/2008 are about 13 and 10 months, respectively. It can also be
seen that the timing of the maximum conc. of coccos, PIC and total chl-a are positively corre-
lated. These maxima are negatively correlated with the MLD, as they should be, because the rate
of coccos growth increases rapidly with shoaling of MLD [Raitsos et al., 2006]. More precisely,
all three phytoplankton-based time-series in Fig. 5.7 imply that the phytoplankton prosperity is
associated with a rapidly decreasing MLD, and reaches its maximum when MLD begins its period
of constant minimum. The North Atlantic is generally characterized by an extremely deep winter
mixed layer, which causes very low phytoplankton activity in wintertime, which can be seen as
well in Fig. 5.7. The phytoplankton and PIC maxima coincide with the high positive gradient of
SST, i.e, SST peaks always appear delayed to the phytoplankton peaks, which is in accordance
with the results of Raitsos et al. [2006]. Theoretically, it is expected that the maxima of the three
phytoplankton-based time-series follow in a sequence as the time elapses: total chl-a followed
by coccos and finally PIC, as coccos start growing when the necessary nutrients for the growth
or the survival of other species are scarce [Margalef, 1978; Holligan et al., 1983]. On the other
hand, the PIC concentration is expected to be proportional to the amount of coccoliths, which can
be either attached to the living coccos or detached from them and suspended in the water, even
after the disappearance of the coccos. However, this sequence could not be reproduced in our
time-series, except for the year 2008. In fact, the peaks of total chl-a and PIC appear more or less
at the same time, while coccos peaks often follow the two former peaks with a slight delay. This
systematic behavior might be originated from the large monthly time interval used for averaging
the retrieved products and setting up the coccos time-series (the lower subplots in Fig. 5.7, Fig. 5.8
and Fig. 5.9); one-month period is probably larger than the real, rather weekly, temporal rhythm
of phytoplankton dynamics.
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Figure5.9:TimeseriesasdescribedinFig.5.7,butforthesPacregion.
WhiletheSST,theMLD,andalsothePICconc.showclearannualcyclesintheregionsof
sAtlandsPac(Fig.5.8andFig.5.9),theannualpaternsforcoccosandtotalphytoplanktonchl-a
aremuchmoreiregularthaninthenAtl.Thiscanbeexplainedbytheverydynamicwind-speed
paternsobservedinsAtlandsPac.Assurfacewind-stressforcestheverticalmotioninthewater
column(inadditiontothehorizontalmotionsassurfacewaves),itisafectingthestratification
andthenutrientregime.Asthecoccosareonlyagroupofthephytoplanktonitisexpectedthat
totalchl-awouldvarymoresmoothlythanthisspecificPFT.Moreover,thereareseveralother
possiblereasonsfortheiregularitiesobservedinphytoplanktonconc.inthesAtlregion:
•ThegeneralcirculationinthesAtlisinfluencedbythecolisionoftwomaincurents:the
Malvinas(Falklands)curent,transportingnorthwardssub-Antarcticcoldandfreshwaters
andtheBrazilcurent,caryingsouthwardssubtropicalsalineandwarmwaters[Gordon,
1989;SpadoneandProvost,2009](leftpanelinFig.5.9).TheBrazil/Falklandsconfluenceis
anenergeticandcomplexregionofinteractionandmixingofwatermasses[Brandinietal.,
2000;Oliveiraetal.,2009]andhenceinducinghighproductivity,aswelasinfluencing
theusualpaternsofseasonality.Thebiologicalimplicationsofthiscirculationhavebeen
examinedbyCaretoetal.[1995]andinparticular,highchl-aconc.havebeenobserved
duringaustralspringandsummerinthisregion(e.g.,PodestaandEsaias[1988])(rightpanel
inFig.5.10).
•ThesAtlislocatedattheeasternpartofthePatagonianshelf,whichisregardedasoneof
therichestareasofprimaryproduction[Bianchietal.,2005,2009;Schlossetal.,2007],
andfeaturesrecuringlargecoccosblooms[Longhurst,1995;Painteretal.,2010].The
Patagonianshelf,between38◦Sand51◦S,islocatedsouthwestoftheconfluencezone
andthereforeisafectedbythat.Apartfromthat,accordingtohydrographyobservations
andsateliteimagery[Saracenoetal.,2004;Bianchietal.,2005;Romeroetal.,2006],
therearetwootherfactorsafectingthehydrographyofthePatagonianshelf:theshelf
breakfront,whichisatransitionbetweentheMalvinascurentandshelfwaters,existingin
bothwinterandsummerseasons(beingstrongerinthesummermonths)andtheenergetic
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tidalfronts,withpronouncedseasonalvariability,causingtheverticalstratificationofwater
masses[Sabatinietal.,2004;Bianchietal.,2005].
•Thenon-cyclicaerosol-loadanddusttransportfromthePatagoniandesertintotheSouth
AtlanticOcean(atmosphericandriverine),afectingthephytoplanktonproductivityofthe
Patagonianshelfbychangingthenutrientregime[Ericksonetal.,2003].
•DuetotheSouth-AtlanticAnomaly(SAA)mostofsatelitemeasurementsareafecteddur-
ingtheirpassagesoverpartsofSouth-AmericaandSouth-Atlantic(seeFig.5.11).SAA
isanareawherethespecificfeatureoftheEarth’smagneticfield(moreprecisely,ofthe
VanAlenbelt)alowschargedparticlesandcosmicraystoreachtotheloweraltitudes
oftheatmosphere[Heirtzler,2002].Theenhancedfluxofenergeticparticlesinthisre-
gionexposetheorbitingsatelitestohigherlevelsofradiationandthuscausingmalfunc-
tioning.AlthoughtheSAAregionliesroughlybetweenlatitudes5◦Sand40◦S,itspre-
ciseshape,sizeandstrengtharenotwelknownandalsovarywiththeseasons(http:
//sacs.aeronomie.be/info/saa.php).Hence,oursAtlregion,residingbetween
40◦Sand50◦S,couldbepartlyafectedbySAA.
Figure5.10:Leftpanel,takenfromBrownandPodesta[1997],depictsthetwomaincurents
dominatingthecirculationoftheofshoreofthePatagonianshelf:warmBrazilcurent
flowingsouthwardalongthecontinentalmarginandcoldsub-Antarcticwatersofthe
Malvinascurentflowingnorthwardalongtheshelfbreak.Aftercolisionatabout36◦S,
bothcurentsfloweastwardtowardtheinterioroftheSouthAtlantic.Rightpanel,a
SeaWiFSRGBimageonDec.24in2004,ilustratesasamplesateliteimageryof
phytoplanktonactivityinPatagonianshelf.
ThehighvariationsandanomaliesseeninthesPactime-series,canbeatributedtoitslocation,
whichissuroundedbytheTasmanSea.TheTasmanSeaisoneofthefastestwarmingareas
intheSouthernHemisphereocean[Neuheimeretal.,2011;Ridgway,2007],becauseofboth,
globalyrisingSSTandspecificlocalefects,suchasthecharacteristicofthewarmpoleward
watersoftheEastAustralianCurent(EAC)[Caietal.,2005;Ridgway,2007]. Moreover,large
eddiesoccuringintheTasmanSeahaveagreatcontributiontotheverticalmixingwithinthe
upperocean.Thisincreasedmixingefectivelycounteractsthewinterstratificationandresultsin
avaryingchl-aseasonalcycle[Tilburgetal.,2002].Inthissense,theseasonalcycleofchl-a
insPacshouldbepronounced,similartotheNorthAtlantic,whichhasverystrongmixing.The
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Figure 5.11: The region of the South Atlantic Anomaly (SAA), affecting the measurements of
over-passing satellites by exposing them with higher levels of extra-terrestrial radiation.
SAA is caused by the non-concentricity of the Earth and its magnetic dipole in the near-
Earth region, where the Earth’s magnetic field is weakest. Image credit: Steve Snowden.
seasonality in the time-series of GlobColour total chl-a for sPac is rather weak (less pronounced
than in coccos). This observation suggests a demand for a regional improvement of the chl-a
algorithms from ocean-color sensors, at least for the South-west Pacific.
In sPac, higher chl-a for coccos than for the total phytoplankton is observed. Further investi-
gations showed why the PhytoDOAS coccos method is overestimating the coccolithophore chl-a
(Fig. 5.9): studies by Burns [1977] and Rhodes et al. [1995] showed that in the Tasman Sea and
also around New Zealand (i.e., in sPac) the dominant coccos species is varying between E. hux-
leyi and Gephyrocapsa oceanica (G. oceanica). Whereas, in this study the PhytoDOAS retrieval
of coccos was based on the specific absorption spectrum of E. huxleyi. Fig. 5.12 illustrates the
specific absorption spectra of these two coccos species, G. oceanica and E. huxleyi, which were
measured on cultures obtained from the isolation of these species from natural samples in different
regions. As illustrated in Fig. 5.12, in general, the specific absorption values of G. oceanica (red
curve) are lower than the respecting values of E. huxleyi. In particular, the specific absorption of
G. oceanica is much lower than the E. huxleyi spectrum used in the retrieval process of coccol-
ithophores (blue curve). The reason is that the former species has, compared to E. huxleyi, much
more chl-a pigment contents per cell. Hence, retrieving G. oceanica from a E. huxleyi specific
absorption spectrum results in an overestimation of chl-a content. However, the similar absorp-
tion patterns of these two species ensures that the retrieval process can identify them as coccos
target. All together, these samples show the spatial variations in phytoplankton absorption within
the same phytoplankton group. This feature and the different photo-acclimation, also changing
the specific phytoplankton absorption, can affect the result of the PhytoDOAS retrieval.
The ratios of the GlobColour total chl-a to the PhytoDOAS retrieved chl-a of coccos are de-
picted in Fig. 5.13 for the three study regions: The retrieved chl-a of coccos seem to be overesti-
mated (which is associated with values less than one) in many months. Especially pronounced is
this feature in the sPac region (lower panel). The reasons of the relatively higher coccos for this
region have already been discussed above. However, in nAtl and sAtl (upper and middle panels in
Fig. 5.13, respectively), there are alternating patterns in the months, when the coccos chl-a exceed
the GlobColour total chl-a. In both regions the coccos chl-a exceed the total chl-a mostly after
the summer bloom, i.e., after June in nAtl and for the austral summer in sAtl (except for the year
2010). Considering that these regions are characterized as high activity areas of coccos blooms
[Holligan et al., 1993; Raitsos et al., 2006; Painter et al., 2010; Garcia et al., 2011], along with
the fact that the large reflectance from coccolithophore-rich surface waters affect the performance
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Figure 5.12: Specific absorption spectra of two different coccolithophore species obtained
from cultures: the red curve corresponds to G. oceanica, which was isolated from the
North Atlantic near the Portuguese coast; the other curves correspond to different cul-
tures of E. huxleyi, isolated from the Tasman Sea in the South-west Pacific, from which
the blue curve has been used in the retrieval process as the reference spectrum of coc-
colithophores.
of the standard chl-a algorithms [Gordon et al., 1988; Ackleson et al., 1988; Balch et al., 1989;
Balch, 2004], the overestimation of coccos observed in Fig. 5.13 may be assigned to a proposed
underestimation of chl-a during the coccos blooms for the GlobColour data set. This algorithm is
based on reflectance ratios. The final validation of the coccos chl-a will be part of a future study
by comparison of the PhytoDOAS data product to a combination of the above mentioned in-situ
measurements of coccolithophores.
Figure 5.13: Ratios of the GlobColour total chl-a to the PhytoDOAS retrieved chl-a of coccos
in three selected regions: nAtl (upper panel), sAtl (middle panel) and sPac (lower panel).
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5.3.2 Interrelations between biological and geophysical parameters
To investigate the driving factors behind the development and degradation of coccos biomass, the
correlation coefficients between PhytoDOAS coccos chl-a and all other parameters were computed
(Fig. 5.14, left panels). Similarly, the correlation coefficients between PIC conc. and the other
parameters were determined (Fig. 5.14, right panels).
Figure 5.14: Correlation coefficients between the time series of PhytoDOAS coccos [Ehux]
chl-a (left hand side of all panels) and the other parameters in the three studied regions:
nAtl (upper panel), sAtl (middle panel) and sPac (lower panel). The same quantity is
depicted on the right hand side of each panel between the time series of PIC and the
other parameters for three regions, respectively.
In nAtl the retrieved coccos correlated positively with the total chl-a, PIC and SST, and neg-
atively with MLD and surface wind-speed (upper left panel in Fig. 5.14). These results are in
accordance with the reported dependence of coccos on raising SST (or high surface irradiances),
shallow MLD (or shallow stratification) and non-turbulent waters [Tyrrell and Taylor, 1996; Nan-
ninga and Tyrrell, 1996; Raitsos et al., 2006], respectively. The correlation pattern of PIC conc.
(Fig. 5.14 upper-right panel) was very similar to the PhytoDOAS coccos, with close values of
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correlation coefficients (except being higher correlated to the GlobColour total chl-a and being
more inversely correlated to MLD). This similarity indicates the good agreement between the
PhytoDOAS coccos and the MODIS-Aqua PIC in nAtl.
However, in sAtl the retrieved coccos were hardly correlated with total chl-a and PIC (Fig. 5.14,
middle-left panel); possible reasons have been discussed before (sec. 5.3.1). The correlations of
coccos with the geophysical parameters were weaker, compared to nAtl, but showing the same
pattern. Moreover, despite the anomaly sources mentioned for this region, the correlation of coc-
cos with SST, was similar to the situation in nAtl, which indicates again the vital importance of
the rising SST (or high solar radiation) for occurring coccos blooms. The correlations of PIC with
other parameters in sAtl (middle-right panel) showed the same pattern and levels as in nAtl, but
weaker with surface-wind, which can be assigned to the complicated regimes of surface currents
in this region as explained before.
In sPac (Fig. 5.14, lower-left panel) the correlations between coccos and total chl-a and PIC
were slightly better than in sAtl, but there was less dependence on SST and MLD. The latter
feature can be assigned to the dynamic surface-wind patterns observed in this region, which is
associated with the presence of large eddies in the Tasman Sea. These eddies, originated from
the separation of the EAC, migrate southwards into the Tasman Sea and cause regions of intense
upwelling and downwelling [Tilburg et al., 2002], which results in turn in a strong seasonal cycle
of phytoplankton activity with the associated anomalies. Moreover, the specific floor topography
of the Tasman Sea, i.e., the presence of an important mid-ocean ridge [der Linden, 1969], and its
effects on the surface currents and vertical motions of the water bodies should be kept in mind.
The highest correlation is observed between PIC conc. and GlobColour total chl-a. This is not
surprising as the algorithms of these two products use the reflectance information from the same
wavelength-bands and both products are obtained from the high spatially resolved satellite data
(in contrast to the coarse spatially resolved SCIAMACHY data). Moreover, MODIS-Aqua itself
is one of the three ocean color sensors used by GlobColour project to provide the merged data (the
other two sensors are SeaWiFS and MERIS).
Since it is thought that the blooms of coccos usually follow diatom blooms, the time series of
diatoms and coccos biomass in the selected study regions is shown in Fig. 5.15. As mentioned
above, in the PhytoDOAS multi-target fit, coccos are simultaneously retrieved with diatoms and
dinoflagellates. In all three regions chl-a of diatoms was always higher than coccos, as is expected
in general [Goldman, 1993; Clark et al., 2002]. However, the patterns of the temporal variations
of diatoms do not vary significantly from the counterpart patterns of coccos. This can be again
assigned to the large time period for averaging the PhytoDOAS data, which is much longer than
real time-frame of phytoplankton blooms. Due to this averaging, maxima of monthly coccos or
diatoms’ chl-a were probably smaller than the absolute maxima they reach during the blooms.
5.3.3 Annual patterns of phytoplankton development associated with the develop-
ments of geophysical variables in selected regions
Fig. 5.16 illustrates the linear trends of five parameters for eight years of data (from 2003 to
2010) for the three study regions. To reduce the effects of seasonality on the trend results, and to
focus on the inter-annual variations of the parameters in phytoplankton prosperity seasons, only
the months that cover the regional spring and summer were taken into account. Additionally, the
ocean color winter time data only contain very few ground pixels per month which also increases
the uncertainty to the monthly mean values. Hence, for nAtl six months from April to September,
and for sAtl and sPac seven months from September to March were considered. Linear regressions
were computed for the monthly mean data (Fig. 5.16 upper panel) and for the anomaly time-series
data (Fig. 5.16 lower panel); here each data-point was obtained by subtracting the initial monthly
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Figure 5.15: Times series of the PhytoDOAS diatoms (blue solid lines) and coccos (green
dashed lines) chl-a in the three selected regions: nAtl (lower panel), sAtl (middle panel)
and sPac (upper panel).
mean (e.g., Jun. 2004) from the climatological mean of that particular month (i.e., mean value of
all June months over eight years). The respecting time series of the parameters are shown in App.
2 (see 6.3), including the simple and anomaly linear-trends for each region, respectively. We refer
hereafter to these approaches as simple trend and anomaly trend, respectively.
No linear trends for MLD are shown in Fig. 5.16, because the MLD data, as modeled data,
involve far more approximations than in the satellite-based retrieved products, making the compar-
ison not suitable. Moreover, the order of magnitudes of the MLD trends are higher than the linear
trends of the retrieved products, which could cause an illustration problem. Table 5.1 contains the
MLD linear trends in three regions, which were calculated by both simple trend and anomaly trend
approaches.
Table 5.1. MLD trends in selected regions
Region Simple trend Anomaly trend
nAtl -0.660 0.050
sAtl -0.219 -0.271
sPac -0.081 -0.232
Considering the simple trend values (Fig. 5.16 upper-left panel), coccos grew negligibly in
nAtl and chl-a decreased in the two southern regions by different rates; total chl-a increased in all
regions, PIC decreased strongly in nAtl and sAtl, while it strongly increased in sPac. This may
be caused by the strong SST-rise in the Tasman Sea [Tilburg et al., 2002], even though this SST
rise was not observed in our sPac simple trend; however, the decreasing rate of SST in sAtl and
sPac was clearly followed by the decrease of coccos and consistently, the rate of increase of SST in
nAtl was associated, at a small rate, with the increase of coccos; the surface wind-speeds decreased
in nAtl and sPac, while they slightly increasing in sAtl. Only in nAtl was the decreasing rate of
wind-speed associated with an increasing rate of coccos. Considering that there is also no constant
relationship between rates of change of wind-speed and PIC in the three regions, it can be inferred
that in the studied time-scale of about one decade, the rate of change of coccos was not determined
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Figure 5.16: Linear trends of five monitored parameters over eight years data (2003 to 2010)
in three selected regions: nAtl (left sections), sAtl (middle sections) and sPac (right
sections). The upper panel shows the values of the simple trends, while the lower panel
shows the values of the anomaly trends. In both cases only the regional spring and
summer months were considered, which means: Apr. to Sep. for nAtl and Sep. to
Mar. for sAtl and sPac. The charts do not include the MLD trends, due to their different
ranges, which are (as modeled data) much higher in order of magnitude than the other
parameters.
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by the rate of wind-speed. Comparing the values of the simple trend with the anomaly trend values
(Fig. 5.16 left panel), both showed similar results. Only the SST anomaly trends were different,
especially in sAtl and sPac where the trends were even reversed. To summarize, the results were
comparable and the anomaly trend was more appropriate because it removed the seasonal effect.
5.3.4 Climatological analysis
Fig. 5.17 illustrates the climatology curves for the corresponding six parameters in the three se-
lected regions. Each data-point here depicts the mean value of a certain month over eight years’
data of the respective time series. In nAtl, the coccos reached their maximum in Aug., whereas
in sAtl and sPac two maxima were reached annually, a smaller one in austral spring (between
September and October) and a higher one in austral summer (between February and March). The
occurrences of two coccos blooms annually in the Southern Hemisphere has been reported be-
fore [Balch et al., 2011]. In sPac these maxima were not as pronounced, showing another weak
maximum in May. This may be caused by the effect of large eddies existing in the Tasman Sea.
However, the coccos maximum in austral spring in sPac was also observed by studying SeaWiFS
data [Tilburg et al., 2002].
Figure 5.17: Climatology curves of all monitored parameters in three selected regions. Each
subplot contains the climatologies of a certain parameter in three regions, which are
denoted as follows: nAtl (blue line), sAtl (green dashed-line) and sPac (red dashed-line).
The subplots have been arranged in the same order as before: (a) coccos chl-a conc.; (b)
GlobColour total chl-a; (c) PIC conc.; (d) MLD (e) SST, and (f) surface wind-speed.
The GlobColour total chl-a showed an annual peak spreading over spring and summer, with
two weak shoulders in nAtl (higher in June and a smaller in August), one wide peak in sAtl from
October to January and only a minor peak in sPac from October to February. These results in
nAtl and sAtl suggest that the coccos are the dominant phytoplankton group succeeding the main
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bloominlatesummer,whichagainsupportstheargumentthatcoccosarefavoredwhennutrients
aredepleted.However,thealmostflatcurveofGlobColourtotalchl-ainsPacisnotconsistent
withSeaWiFSresultspresentedinTilburgetal.[2002]fortheTasmanSea. MODIS-AquaPIC
showedfivemonths(MaytoSeptember)ofenhancedconc.innAtlwithtwopronouncedshoulders
inJun.andAug.,coincidingtemporalywiththemaximaofGlobColourtotalchl-a,whileonly
thelaterpeakwascoincidingwiththecoccosannualmaximum.Thismayindicatethateither
duringthefirsttotalchl-apeak(inJune)coccoswerecontributingsignificantlytothebiomass
andthePhytoDOASalgorithmisunderestimatingthecoccoschl-a,orthePICalgorithmispartly
incorectinthisregion.ThePICclimatologycurvesinsAtlandsPacvariedquitesmoothly(similar
toeachother),withapeakinDec./Jan.,whichismorepronouncedinsAtl.ThepaternsofPIC
climatologyintheseregionsfolowedtheGlobColourtotalchl-abetweenMarchandOctober.
TheclimatologycurvesofMLD,SSTandwind-speedclearlysupportedtheexpectedgeophysical
conditionsfortheformationofcoccosblooms.
Fig.5.18providesapartialcomparisonoftheaboveclimatology,particularlyinsPac,with
othersourcebasedonthestudydonebyTilburgetal.[2002].TheleftpanelinFig.5.18compares
theMLDresultsfortheTasmanSea(37◦S-42◦S,150◦E-165◦E)andtheNorthAtlantic,both
obtainedfromLevitusandBoyer[1994]. Therightpaneldepictsthemonthlymeanchl-aof
SeaWiFSfrom1998to2000fortheeasternandwesternpartsoftheTasmanSea[Tilburgetal.,
2002].
Figure5.18:Leftpanel:seasonalityinthemixedlayerdepthfortheTasmanSeaandtheNorth
AtlanticbasedontheWorldOceanAtlas[LevitusandBoyer,1994].Rightpanel:sea-
sonalvariationinseasurfacechl-aovertheeasternandwesternTasmanSea,averaged
fromthreeyearsofSeaWiFSdata(1998-2000).Herebothwesternandeasternpartsof
theTasmanSeahavetheirlatitudinalrangebetween37◦Sand42◦S,buttheirlongitu-
dinalrangesare(150◦E-157◦E)and(158◦E-165◦E),respectively.Bothfigureshave
beentakenfromTilburgetal.[2002].
BycomparingtheclimatologycurvesforsPacinFig.5.17withFig.5.18,itcanbeseenthat
theMLDmaximahavethesamemagnitude(around200m)andalmostthesameperiod(fromJuly
toSeptember)inbothmethods.(TheaccordancebetweentwoMLDmethodscanalsobeseenin
theNorthAtlantic,wherebothofthemshowadeepwintermixedlayerof400mand500min
March).Ontheotherhand,whileforsPacourclimatologyindicatesanon-sharppeakofEhuxin
September,OctoberandNovember(withamaximumofabout0.5mgm−3chl-ainOctober),the
SeaWiFSresultsfortheeasternandwesternpartsoftheTasmanSeashowsharpmaximaof0.5
and0.8mgm−3(bothinOctober),respectively.Thecommonvalueofchl-apeak(0.5mgm−3)
betweenSeaWiFSresultsoftheeasternTasmanSeaandcoccolithophoreretrievalinsPaccanbe
atributedtothefactthatthesPacregion(38◦S-48◦Sand155◦E-165◦E)hasalmosthalfofits
areaincommonwiththeeasternTasmanSea.
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5.4 Conclusionsofbloomstudy
WestudiedthedevelopmentsofcoccolithophoreandtotalphytoplanktonbloomsandPICconc.
inthreeselectedregionsfromJan.2003toDec.2010withsatelitedata.Thetimeseriesresults
ofthesethreephytoplankton-basedproductsrevealtheseasonalbloomcyclesinaregularorder
withfairlygoodaccordancetoeachother.InthenAtlregiononecoccosmaximumwasregularly
observedinthesummer,whileinthesAtlandsPacregionstwomaximainaustralspringand
summeroccured.Themaximafortotalchl-aandPICconc.wereduringthesametimeperiod,but
inbothhemisphericregionsonlyappearedonceperyearoveralongertimeperiod(4-5months).
Theresultsshowthatthecoccosbloomsgeneralydominatethetotalphytoplanktonmaximain
latesummer(August/SeptemberinnAtlandFebruary/Marchintwootherregions).InthenAtland
sAtlregionsthemaximumconcentrationsarecomparableforalthreeparameters,whiletheyare
muchlower(70−50%)inthesPacregions.Comparisonstotimeseriesofgeophysicalparameters
clearlyshowthatthephytoplanktongrowthisrelatedtoshalowMLDs,lowwind-speed,andhigh
andsharp-risingSSTs.
Overal,theaccordanceofthethreeoceancolordataproductswasbeterinnAtl,ascompared
tosAtlandsPac.Asageneralstatement,itcanbeinferedthateventhoughtheseasonalitywel-
knownpaternisalsoevidentinsAtlandsPac,butattheendtheregionalgeophysicalconditions
arethefactorsthatdeterminetowhatextentthephytoplanktongrowthwilfolow(ordeviate
from)thetypicalseasonalpatern.Forinstance,inbothsAtlandsPac,thetimeseriesofwind-
speedshowhighiregularities,comparedtothatofnAtl.Thiscanpartialyexplainwhythetime
seriesofPhytoDOAScoccosinsAtlandsPacarenotasregularasinasregularasinnAtl.The
majorenvironmentalfactorsafectingthePatagonianshelfandtheTasmanSeahavebeenbriefly
mentioned,inordertoaddressthepossiblecausesofturbulentandmixingefectsinsAtland
sPac,respectively.ThespecificregionalcharacteristicsinsAtlandsPac,probablycauseefectsin
smalertimescalesthanamonth.However,ourtimeseriesstudyhadtobelimitedtothemonthly
resolutionbecauseofthecoarsespatialresolutionandlimitedglobalcoverageoftheavailable
hyper-spectralsatelitedatausedforthePhytoDOAScoccosretrieval.Forbeteranalysisandin-
terpretationoftheresults,moreinvestigationsonthegeophysicalparametersrulingtheregional
climate,aswelasonlocalbiologicalconditionsmustbedoneforeachregion.Forinstance,due
totheimportanceoflightfortheformationofcoccosblooms[NanningaandTyrel,1996],the
variationinsolarradiationshouldbeincluded(e.g.,regionaltimeseriesofwaterleavingradiance
at555nm,asreferedbyRaitsosetal.[2006]).Theregionalvariationsofnutrientregime,espe-
cialyphosphateandnitrate,usingappropriatemodeleddataistheothersupplementaryworkto
do.RegionaladaptationsofthePhytoDOAScoccosretrievalshouldaccountforthespatialvaria-
tionsinspecificabsorptionswithrespecttothedominatingcoccosspecies.Ingeneral,toavoidthe
uncertaintiesassociatedwiththespatialvariationsinphytoplanktonabsorption,analternativeap-
proachwouldbetoestablishamulti-regionalPhytoDOASretrieval,usingdiferentsetsofPFTs’
absorptionspectra,representingthemainregions.Forthispurpose,thebiogeographicalprovinces
presentedbyLonghurst[1998]couldprovideagoodcriterionfordividingtheworldoceansinto
theregions.
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6.1 Summary
Curentalgorithmsoftotalphytoplanktonbiomassdonotconsiderthebiodiversityofphytoplank-
tonasdiferenttaxonomicand/orfunctionalgroups,therebycontaininguncertainties,todifer-
entextents.Ontheotherhand,thewel-knownbiogeochemicalimpactsofphytoplanktonfunc-
tionalgroupsmakeitimportanttoretrievetheirglobaldistributions,beyondthetotalbiomass.
PhytoDOASisamethodtoretrievethebiomassofphytoplanktonfunctionaltypes(PFTs)using
hyperspectralsatelitedata.ThisstudywasaimedtoimprovethePhytoDOASmethodforretriev-
ingmorePFTsthanthetwotypes,whichhadbeensuccessfulyperformedbyBracheretal.[2009]
(i.e.,diatomsandcyanobacteria).Overcomingthespectralcorelationbetweenabsorptionspectra
oftargetPFTs,aresultoftheircommonabsorptionpigments,hasbeenthemajorchalengeto
achievetheimprovementofPhytoDOAS.Inthisstudy,twointer-relatedapproaches-stilunder
development-havebeenusedtoovercomethecorelationefects:
•fourth-derivativeanalysisforthedetectionoftinyspectraldiferencesbetweenPFTs’spec-
tra,and
•simultaneousfitofcertainsetofPFTsineachPhytoDOASprocess,referedtoasmulti-
targetfit.
Basedonthemulti-targetapproach(appliedtoSCIAMACHYdata),coccolithophores,dinoflagel-
latesanddiatomshavebeensimultaneouslyprocessedoverawavelengthwindow(429−521nm),
determinedbythefourth-derivativeanalysis[Aguire-Gomezetal.,2001].Likewise,thesetof
phytoplanktontargetsusedinthemulti-targetfitinghasbeenspecifiedbyusingafourth-derivative
analysis.Although,ineachstepoftheprocedure,wehavetriedtoreducetheoveralfit-residuals.
TheimprovementprocessalsoincludedthecomparisonsoftheretrievedPFTswithavailablesatel-
liteproductsandmodeleddata,whichare(tosomeextent)appropriateforthispurpose(inthecase
ofcoccolithophores,detectionofsomereportedbloomshasbeenalsousedtotesttherespective
retrieval).Usingthismodification,theglobalchl-adistributionsofcoccolithophores,dinoflagel-
latesanddiatomshavebeenobtainedforeightyearsofSCIAMACHYdata(2003-2010),toserve
asaPFT-dataset(e.g.,tobeusedasmonthlymeanchl-a).Themonthlyandannualresultsfor
2005and2008havebeenpresentedinthisthesis(inChapter4andApp.1,respectively).Theim-
provedmethodwasalsoappliedforstudyingthedynamicsofphytoplanktonbloomsinselected
coccolithophorerichareasoveran8-yearperiod.Inthiscase-studyapplication,referedtoascoc-
colithophore“bloomstudy”inthetext,theenvironmentalimpactsonthephytoplanktongrowth
hasbeeninvestigated. Moreprecisely,coccolithophoreresults,alongwithtwootherbio-optical
sateliteproducts(totalchl-aandPIC),havebeencomparedwiththreegeophysicalparameters
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(SST,MLDandwind-speed)asmonthlymeantimeseries(thedescriptionsandresultsaregiven
inChapter5).Someanomaliesseenintheresultswereaddressedtothespecificenvironmental
featuresofrespectiveregions.
6.2 Generalconclusions
ThefindingsofourstudydemonstratethatPhytoDOASmethodcanbesuccessfulyappliedto
hyperspectralsatelitedatatoachieveinformationofPFTs’biomass;althoughsomeuncertainty
stilremainsintheretrievalphasethatcanbeaccountedforbyfactorssuchasthespatialvari-
ationintheabsorptionspectra.Itshouldbenotedthatthisproductisbasedonanewmethod,
mostlyindependentfrombiologicalaprioridata,asopposedtothestandardoceancolorproducts.
Thisretrievalmethodcanbereliablyusedforremoteidentificationofcoccolithophores,along
withdiatomsandcyanobacteria,onglobalandregionalscales.Coccolithophoreretrievalscanbe
used,forinstance,totrackitsbloomdevelopmentsintheglobalocean,whichisimportantdueto
thebiogeochemicalimpactsofthisfunctionaltype.Fordinoflagelates,theevaluationofresults
hasnotbeensofardone,duetothelackofanysatelite-basedormodeleddataforcomparison,
andalsoduetothecurentlimitationsofvalidatingPhytoDOASresultswithin-situdata.The
laterproblemcanbedescribedasfolows:asphytoplanktonin-situdataarespatialyscatered
(nouniformcoverage)andtemporalyconfinedtothelimitedtime-frames(foreachsetofmea-
surements),itistoodifficulttocolocatethemwiththeSCIAMACHY-basedretrievals,which
havelargegroundpixels(30×60km2)andalongrepeatcycle(35days).Moreover,in-situdata
donotcoveralexistingPFTs(atthetimeofmeasurement)inthesamemanner.Forinstance,
inthecaseofcoccolithophores,in-situdataeitheronlyconsiderthelargecels(inmicroscopic
techniques)orpresentalsootherhaptophytespeciesbesidescoccolithophores(inHPLC-based
andflow-cytometricdata).Therefore,thecoccolithophoregroupcannotbeobservedproperly
throughin-situmeasurements.
Nevertheless,thePhytoDOAScoccolithophoreswereoveralinagoodagreementwithPIC
conc.,whichisawel-knownbio-opticalproxyforcoccolithophores.Theresultsalsowerehighly
consistentwiththerepeatedobservationsoftheNorthAtlantic’slargecoccolithophoreblooms,as
welaswiththehypothesisoftheGreatCalciteBelt[Balchetal.,2011])intheSouthernOcean.In
thelatercase,theverygoodcoincidenceofPhytoDOAScoccolithophoreswiththeMODISPIC
conc.(inalargehorizontalbandbetween∼30◦Sand∼60◦S)impliesthatthesemi-permanent
elevatedPICobservedinthisregionbyMODIS-Aqua,canbearesultofelevatedcoccolithophore
populations.Theimportanceofthiscoincidence(whichwasalsoobservedinotherregions)is
thattheretrievalalgorithmsusedbythetwomethods(PhytoDOASandMODIS-Aqua’sPIC)are
completelydiferent.
Basedontheresultsoftheregionalbloomstudy,cariedouttoinvestigatethephytoplankton
dynamics,aseasonality’scharacteristicpaternwasnotobservedpronouncedlyintworegionsof
ourthreeselectedregions,despitethefactthattheregionlocatedintheNorthAtlanticshowed
verygoodaccordance.Theobservediregularitieswereassignedtotheknowngeophysicalchar-
acteristicsoftherespectiveregions.Accordingly,itcanbeinferedthattheregionalgeophysical
conditionsareimportantfactorsthatdeterminetheextenttowhichphytoplanktongrowthfolows
itstypicalseasonalpatern.Forinstance,inthetworegions,wheredeviationswereobserved,the
timeseriesofwind-speedindicatehighiregularities,comparedtotheregionlocatedintheNorth
Atlantic.Moreover,theseresultsalsoconfirmthestudiesthataddressuncertaintiesinoceancolor
(total)chl-aalgorithmsforregionallevels(e.g.,LeeandHu[2006]). Moreprecisely,theout-
comesofthecoccolithophorebloomstudy(inthiswork)suggestthatincoccolithophorerich
areas,thetotalchl-aalgorithmsunderestimatephytoplanktonchl-acontents. However,togain
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moreconfidence,theseresultsshouldbecompletedbyfurthertime-seriesstudiesinotherregions
ofparticularinterest(e.g.,BeringSeaorappropriateareaslocatedinthegreatcalcitebelt).This
isalsoanecessarysteptoassesstheoveralglobalpictureofcoccolithophoredistributionsand
dynamics.Forinstance,thelinear-trendestimationsoftheparameters,representedbythestudied
regions,seemtobeinconsistentwitheachother,whichcanbeduetothefactthatan8-yearperiod
istooshortforatrendanalysis.Therefore,takingnewregionsintoaccountcanbeofhelptofind
commonbehaviors.
Thebloomstudyalsoshowedthatdiatomsandcoccolithophorescanwidelyexistinthesame
oceanicareasatacertaintimeframe.Thisisaninitialconfirmationofawel-knownhypothesis
ofthephytoplanktonsuccession,implyingthatcoccolithophorebloomsfolowdiatomblooms
andtheirfastgrowthinnutrientdepletedwaters(e.g.,Lochteetal.[1993]).However,toshow
theprecisesuccession,thecurentmonthly-meantimeseriesmustbereplacedbyaweekly-mean
timeseries,whichisnotpossiblewithSCIAMACHYdata;becauseonasmalregionalscale,
narowingthetimeframeleadstothelossofhitingorbitsandhence,lowerstheavailableground
pixels.ApplyingPhytoDOAStothedataofupcominghyperspectralsatelitesensors(e.g.,the
Sentinel-5-Precursor,plannedtolaunchin2014,with7×7km2pixelsizeandglobalcoverage
withintwodays)wilalowtheweekly-basedmonitoringofsuchphytoplanktonbloomsdynamics.
Takentogether,thisstudysuggeststhatthePhytoDOASmethodispotentialyanalternativeto
retrievethetotalphytoplanktonbiomassfromthesatelitedatawithhigheraccuracy,bysumming
upchl-acontentsofalPFTs(torepresenttotalchl-a).Forthispurpose,globaldistributionsof
majorPFTsshouldbedeterminedmoreprecisely(spatialyandquantitatively),demandingfurther
improvementofthemethod,aswelasmorePFTstobetakenintoaccount(especialyPhaeocystis
sp.,whichglobalyhasasignificantcontributiontothephytoplanktonbiomass).Thisstepprovides
amorereliabledatasetofPFTsglobaldistributions,whichishighlyneededinseveralresearch
fields;e.g.,inmodelingofglobalbiogeochemicalcycles.
6.3 Futuredirectionsofthestudy
TherearefurtherstepstoproceedwiththeimprovementofPhytoDOAS,aswelastoexpandits
applications,alcanberegardedastheoutlookofthisstudy:
•ThequalityofthePhytoDOASretrievalhastobeimprovedbyperformingfurthertests
withcurentPFTtargets,aswelascombiningcurentmethodwithanyotherapproach,
whichmightbehelpfultoovercomethestrongspectralcorelations.IntroducingmorePFT
referencespectraintotheretrieval(especialyinaregional-basedapplication)canalsobe
efectiveforfurtherimprovement.ThefinalmodifiedPhytoDOAScanbeappliedtothe
wholesetofSCIAMACHYdata(sinceAug.2002)toupdatethePFT-dataset.
•AlPFTretrievalsmustbevalidatedwithavailablecolocatedHPLC-basedin-situmea-
surementsofthetargetPFTs.Forthisvalidationpurpose,duetothecurentproblemof
colocation,thefirsttaskwouldbetofindasolutiontomatchtheSCIAMACHYlarge
pixelswiththein-situpointmeasurements,inordertotakeadvantageofalrelevantfield
measurements(e.g.,ContinuousPlanktonRecorder,CPR).Particularly,theresultsofcoc-
colithophoresshalalsobecomparedtochl-aconc.ofhaptophytes,extractedfromHPLC
pigmentanalysis.Validationofresultsbyin-situdataisnecessaryforthefurtherimprove-
mentofPhytoDOAS.
•Sinceabsorptionspectraofphytoplanktonfunctionaltypesandalsoofspecificspeciesshow
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somespatialvariabilityovertheglobalocean(Bricaudetal.[1995]),oneofthemainfuture
tasksistoobtainandrepresentPhytoDOASretrievalsonaregionalbasis.Doingthistask
requiresseparateapplicationsofPhytoDOAStodiferentoceanbiogeochemicalprovinces
(e.g.,basedonLonghurst[1998];seeFig.6.1),foreachofwhichtheinputphytoplankton
absorptionspectramustbeextractedbeforefromthein-situmeasurementsinthatprovince.
Figure6.1:Longhurstoceanbiogeochemicalprovinces,basedoncirculationpaterns,nutrient
regimes,lightconditions,thebathymetryandotherregionalfactorsafectingthephyto-
planktonresponsetophysicalforcing.Acronymsoftheprovincesandrespectingdefini-
tionsaredetailedinLonghurst[1998].
•Aradiativetransfermodel,whichcouplesoceanwiththeatmospherecanbeveryhelp-
fulforfurtherimprovementtoPhytoDOAS.SCIATRAN,asoftwarepackagedevelopedby
Rozanovetal.[2002],whichincorporatesaradiativetransfermodelandaretrievalalgo-
rithm,isapowerfultoolforperformingthistask.UsingSCIATRANtwotypesofinvesti-
gationcanbeconducted:(a)toexaminetherelationbetweenphytoplanktonconcentration
andabsorptionfit-factor(initialoutputofPhytoDOAS),whichhasbeenextractedfroman
empiricalapproachandmediatedbythelightpath-lengthinwater;(b)toexaminetheim-
pactofdiferentPFTconstituentsofwateronthebackscaterradiationoftheocean,which
isanalternativeapproachtotesttheefectsofspectralcorelations.Inbothestimationsthe
radianceoutputofSCIATRANatthetopoftheatmosphereisprocessedbyPhytoDOASas
thesateliteinputoftheEarth’sbackscaterradiation.
•Furthermore,aclimatologyonthePFTdistributioncanbedevelopedbasedonthePhytoDOAS
SCIAMACHYresults.Theresultingdatasetwilbeusefulforvariousmarinebiogeochem-
icalandecosystemstudiesandmodels,aswelasbeingapotentialbasisforaspecificphy-
toplanktonabsorptionclimatologybasedontheglobalspatialyandtemporalyresolved
PFTdistribution.Thiscanbeappliedtoimprovethecommonoceancolorchl-aretrievals.
Itcouldalsohelptoimprovetheglobalestimatesoftracegasemissionsresultingfrom
oceanicphytoplankton.
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Appendix
App. 1. PhytoDOAS retrievals of target PFTs in 2008
This section of Appendix contains supplementary results to Chapter 4, including PhytoDOAS’
PFT retrievals in 2008, which are shown as monthly mean maps on a global scale.
App. 1.1. Monthly mean chl-a of the retrieved PFTs
The maps shown in Fig. 6.2 and Fig. 6.3 are PFTs’ monthly mean chl-a, retrieved by the PhytoDOAS
triple-target mode from the SCIAMACHY date 2008. The respective results for the year 2005
have been presented in section 4.1.1.
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Figure6.2:Monthly mean chl-amaps(in[mgm−3])fortargetPFTsretrievedby
PhytoDOAS.TheresultshavebeenobtainedbyapplyingthePhytoDOAStriple-target
fitingtotheSCIAMACHYdataforthefirsthalfof2008.
112 A.Sadeghi
6.3.Futuredirectionsofthestudy
Coccolithophores Dinoflagelates Diatoms
07
08
09
10
11
12
Figure6.3:Monthly mean chl-amaps(in[mgm−3])fortargetPFTsretrievedby
PhytoDOAS.TheresultshavebeenobtainedbyapplyingthePhytoDOAStriple-target
fitingtotheSCIAMACHYdataforthesecondhalfof2008.
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App. 1.2. Coccolithophores vs. PIC: 2008 monthly means
In Fig. 6.4 and Fig. 6.5, monthly mean chl-a of the PhytoDOAS coccolithophores (from SCIA-
MACHY date 2008) are compared with the monthly distributions of PIC conc. (from MODIS-
Aqua) on a global scale. The respective results for the year 2005 have been presented in section
4.1.2.
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Figure6.4:Leftpanels:PhytoDOAScoccolithophoresmonthlymeanchl-a[mgm−3].Right
panels:PICmonthlydistribution[molm−3]fromMODISAqua.Aldatacoresponds
tothefirsthalfof2008.
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Figure6.5:Leftpanels:PhytoDOAScoccolithophoresmonthlymeanchl-a[mgm−3].Right
panels:PICmonthlydistribution[molm−3]fromMODISAqua.Aldatacoresponds
tothesecondhalfof2008.
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App. 1.3. Cyanobacteria via single-target fit: 2008 monthly means
Fig. 6.6 illustrates monthly variations in the retrieved cyanobacteria (as averaged chl-a) on a global
scale. The results were obtained by applying the PhytoDOAS single-target mode to the SCIA-
MACHY date 2008. The respective results for the year 2005 have been presented in section 4.1.4.
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Figure6.6:Cyanobacteriamonthlymeanchl-a[mgm−3]retrievedbyPhytoDOASsingle-
targetfitfromtheSCIAMACHYdata.Aldatacorespondtotheyear2008.
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App. 2. Time-series of the blooming months
App. 2.1. Time-series of the blooming months with simple trends
The time series of the study parameters only for the blooming months over the whole period
(2003-2010) are shown in Fig. 6.7, Fig. 6.8 and Fig. 6.9, for each region, respectively. These are
the time series based on which the simple-trends have been computed. The corresponding results
have been discussed in the section: 5.3.3 and the numerical values of the linear trends were shown
as simple-trends in Fig. 5.13 (upper panel).
Figure 6.7: Time series of the six parameters monitored in nAtl from Jan. 2003 to Dec. 2010:
(a) coccos [Ehux] chl-a conc. retrieved by PhytoDOAS; (b) GlobColour total chl-a; (c)
MODIS-Aqua PIC conc.; (d) MLD from Ocean Productivity; (e) SST from AVHRR;
and (f) surface wind-speed from AMSR-E. On each subplot the dashed-line shows the
linear-trend for respecting parameter calculated for the selected months.
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Figure 6.8: Time series as described in Fig. 6.7, but for the sAtl region.
Figure 6.9: Time series as described in Fig. 6.7, but for the sPac region.
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App. 2.2. Time-series of the blooming months with anomaly trends
The anomaly time series of the study parameters for the blooming months over the whole period
(2003-2010) are shown in Fig. 6.10, Fig. 6.11 and Fig. 6.12, for each region,respectively. These
are the time series based on which the anomaly-trends have been computed. The corresponding
results have been discussed in the section: 5.3.3 and the numerical values of the linear trends were
shown as anomaly-trends in Fig. 5.13 (lower panel).
Figure 6.10: Anomaly time series of the six parameters monitored in nAtl from Jan. 2003 to
Dec. 2010: (a) coccos [Ehux] chl-a conc. retrieved by PhytoDOAS; (b) GlobColour
total chl-a; (c) MODIS-Aqua PIC conc.; (d) MLD from Ocean Productivity; (e) SST
from AVHRR; and (f) surface wind-speed from AMSR-E. On each subplot the dashed-
line shows the linear-trend for respecting parameter calculated for the selected months.
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Figure 6.11: Anomaly time series as described in Fig. 6.10, but for the sAtl region.
Figure 6.12: Anomaly time series as described in Fig. 6.10, but for the sPac region.
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